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The significant advances in synthesis and functionalization have enabled the preparation of high-quality
nanoparticles that have found a plethora of successful applications. The unique physicochemical pro-
perties of nanoparticles can be manipulated through the control of size, shape, composition, and surface
chemistry, but their technological application possibilities can be further expanded by exploiting the pro-
perties that emerge from their assembly. The ability to control the assembly of nanoparticles not only is
required for many real technological applications, but allows the combination of the intrinsic properties of
nanoparticles and opens the way to the exploitation of their complex interplay, giving access to collective
properties. Significant advances and knowledge gained over the past few decades on nanoparticle assem-
bly have made it possible to implement a growing number of strategies for reversible assembly of nano-
particles. In addition to being of interest for basic studies, such advances further broaden the range of
applications and the possibility of developing innovative devices using nanoparticles. This review focuses
on the reversible assembly of nanoparticles and includes the theoretical aspects related to the concept of
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reversibility, an up-to-date assessment of the experimental approaches applied to this field and the
advanced computational schemes that offer key insights into the assembly mechanisms. We aim to
provide readers with a comprehensive guide to address the challenges in assembling reversible nano-
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1. Introduction

Nanoparticles (NPs) are extensively studied in different scienti-
fic fields because their multifaceted exceptional physico-
chemical properties can be manipulated through the control
of size, shape, composition, and surface chemistry, making
them suitable for a wide range of applications.’™ The signifi-
cant advances in synthesis and functionalization have enabled
the preparation of high-quality NPs that have found successful
application in electronics as well as in nanomedicine and will
have an increasing impact on our daily life, as recently demon-
strated by the key role played by lipid NPs in the development
of mRNA-based vaccines against COVID-19.°?

The technological application possibilities of NPs are
further expanded by exploiting the properties that emerge
from their assembly. Collective interactions of individual NPs
resulting from their close proximity within the assembled
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particles and promote their applications.

structures lead to the emergence of otherwise inaccessible pro-
perties. For instance, the assembly of metal NPs shows unique
optical, electronic, and magnetic properties that can be engin-
eered for many technological uses.'*° Therefore, the ability
to control the assembly of NPs not only is required for many
real technological applications, but allows the combination of
the intrinsic properties of NPs and opens the way to the exploi-
tation of their complex interplay, giving full access to collective
properties. In light of this, the assembly of NPs has been
extensively addressed, both from the viewpoints of laboratory
work and computational simulations. Many strategies have
been reported to control the assembly of NPs through the
manipulation of intermolecular interactions which occur
between the designed molecules (or ligands) used to functio-
nalize their surface or by the interaction of the external field
and the NP core.>’® In addition, the considerable progress
and knowledge gained in recent decades on nanoparticle
assembly have enabled the implementation of an increasing
number of strategies for reversible nanoparticle assembly, i.e.,
processes in which both assembly and disassembly are con-
trolled. In addition to being of interest for fundamental
studies, these developments further broaden the range of
applications and the possibility of developing innovative
devices using nanoparticles.
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In this review, we focused on recent advances in experi-
mental and computational developments in reversible nano-
particle assembly with a section on theoretical aspects, provid-
ing the reader with in-depth integrated guidance for future
research studies and applications of NPs assemblies (see
Scheme 1). The first section presents the theoretical formal-
isms proposed behind the assembly of NPs in terms of
thermodynamics and kinetics metrics, with a dedicated focus
on the role of reversibility. Starting with a brief presentation of
the applicability and limits of the Derjaguin, Landau, Verwey,
Overbeek (DLVO) theory developed for colloidal dispersions,
we then cover the additional contributions proposed in sub-
sequent theoretical extensions for improving the description
of the interactions between NPs. Then, a dedicated section is
devoted to a thorough description of the experimental strat-
egies that have been proposed to achieve the reversible and
controlled assembly of NPs. Interest in guiding the assembly
of NPs into tailored extended structures has greatly fueled the
development of strategies that allow control and manipulation
of the interactions between them by a broad range of external
stimuli. The most relevant examples for controlling assembly
of NPs are reviewed and classified based on the biochemical,
chemical or physical stimulus used to activate the assembly
process and we then highlight the relevant applications pro-
posed and envisioned. The following section describes the
different computational methods that can be used and applied
to gain an insightful understanding of the diverse variety of
chemico-physical interactions at play during the reversible
assembly of NPs. In particular, this review covers from density
functional theory-based methods (DFT), targeting individual
interactions involved between particles, to molecular dynami-
cal simulations (classical and first-principles) and machine
learning schemes aiming to untangle mechanisms involved in
the whole assembly process. Finally, we summarize the deci-
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Scheme 1 A schematic representation of the theoretical, compu-
tational and laboratory strategies and their breakdown that are the focus
of the present review.

sive points for employing a cooperative approach in terms of
theory, simulation and experimental workloads and, from a
perspective viewpoint, we outline current challenges and
potential areas where reversible assembly could play a pivotal
role.

2. Theory

The propensity for reversible assembly of nanoparticles in
solution relies on thermodynamics and kinetics metrics.?”"*®
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In terms of thermodynamics, the interactions are governed by
the total pair potential (V) that is the result of a multitude of
attractive and repulsive interparticle forces. When the pair
potential is dominated by repulsive interactions, the NPs are
stable in solution, while they are unstable and aggregate if
attractive ones prevail. The interparticle interactions are due to
core-core interactions as well as to ligand-ligand and ligand-
solvent interactions and, therefore, their extent depends on
the chemical and physical properties of both the NPs (core
and surface ligands) and the medium and the combination of
these will concur to the overall stability of NPs and their pro-
pensity for assembly.

The most widely applied theoretical models, which are
extensions of the Derjaguin, Landau, Verwey, Overbeek (DLVO)
theory developed to predict the stability of colloidal suspen-
sions, estimate the V;,. between a pair of NPs as a function of
their separating distance (r) through the sum of all relevant
interparticle interaction contributions:**™*?

Vtot(r) = VvdW(r) + Vele(r) + Vhp(r) + Vster(r) + Vdip(r)7 (1)

Veaw and Ve correspond to the van der Waals (vdW) and
electrostatic potentials, while Vy,j,, Vger and Vg, stand for the
hydrophobic, steric and dipolar potentials. Table 1 summar-
izes and these interactions.

The original DLVO determines the stability of colloids by
taking into account only van der Waals (V,qw) and electrostatic
(Vele) interaction energies. The van der Waals force originates
from interactions of electrons in particles and their dipolar
and dielectric properties and, between similar particles in a
medium, is always attractive. The electrostatic force between
two interacting particles arises from the charging processes
occurring on their surface in a liquid, such as by ionization or
dissociation of surface groups and adsorption or binding of
ions, and the following attraction of counter-charged ions
from the bulk solution with the formation of electric double
layer (EDL). The resulting electrostatic interaction is repulsive
for similar particles (i.e., like-charged particles), thus favoring
the stability of NPs in solution, or attractive between oppositely
charged particles.*"**** While electrostatic repulsion favors
the stability of similar NPs in solution, electrostatic attraction
of oppositely charged NPs have been exploited to promote
their self-assembly into superstructure.*>*® Although the clas-

Table 1 Main attractive and repulsive interactions between NPs
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sical DLVO theory provides a fundamental framework for ratio-
nalizing the stability of colloidal systems, the integration of
the other contributions, besides the vdW and electrostatic
forces, has been proposed in later extensions (xDLVO) to
improve the description of nanoparticle surface characteristics
and, consequently, the ability to predict the stability of nano-
particle systems. In particular, the integration of additional
parameters is necessary because, while the long-range inter-
action forces occurring between NPs that are 50 nm in dia-
meter or larger are accurately described,**>> DLVO theory fails
to explain the interactions between NPs approaching closer a
few nanometers in a liquid medium.>® DLVO theory typically
fails at distances approaching a few nanometers due to the
intricate interaction coupling at play at such scale in addition
to completely overlooking some very crucial effects (polariz-
ability, NP size, dipolar among others).>® The relevant contri-
butions to the total interaction potential strongly depend on
the system tested and, frequently, on top of Vigw and Vg,
more than one additional contribution must be taken into
account to accurately describe the interparticle interactions.
Furthermore, the nonadditivity of all major classes of inter-
actions at play between particles at the nanoscale also rep-
resents an entirely overlooked factor by the original DLVO.>?
Several alternative theories have been proposed over the years
to overcome the omissions of the original DLVO theory (see
the last section of the Theory section). As shown in eqn (1), the
proposition of extensions of DLVO theory, which account for
factors in addition to the vdW and electrostatic forces, allows
precious insights into the overall comprehension and descrip-
tion of NP properties, medium properties and the interaction
between them. As schematically shown in Fig. 1a, by superim-
posing the individual intermolecular and surface forces, an
energy-distance curve is obtained that describes the behavior
of the total interaction potential between the NPs as a function
of their separation distance. The total pair potential results
from the combination of all the attractive and repulsive forces
that take place between NPs in a liquid, and while the former
promote the aggregation of NPs, the latter favor the formation
of stable dispersions in solution (Fig. 1b).

The total potential curve shows a primary minimum at
short interparticle distances and a positive potential barrier at
intermediate distances. However, there is also the possibility
that a shallow secondary minimum is created at greater inter-

Interaction Type x/DLVO* Origin

van der Waals Attractive DLVO Interactions of electrons in particles and their dipolar and dielectric properties
Electrostatic Repulsive” DLVO Surface charges

Hydrophobic Attractive xDLVO Decrease in solubility of the shell that protects the NP surface

Dipolar and Attractive xDLVO Dipole moment, exchange interactions, dielectric properties of the medium,
charge-dipole NP surface magnetization and effective NP surface charge

Steric Repulsive xDLVO Exclusion of solvent molecules within the ligand interaction region,

and deformation and compression of ligands

4 DLVO: original; xDLVO: extended DLVO. ” For like-charged NPs.
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Fig. 1 Schematic representation of: (a) the total interaction potential between particles showing primary, secondary minimum and energy barrier;

particle distances (Fig. 1a). The primary minimum is a rather
deep potential well created at a short interparticle distance
since the short-range nature of the van der Waals attraction
force, which shows an inverse power law dependence on the
distance, prevails over the repulsive forces. When NPs reach
the primary minimum, their surfaces come into intimate
contact and irreversible aggregation occurs. The well-defined
maximum in the potential curve separates the primary and
secondary minimum and indicates the barrier that needs to be

14388 | Nanoscale, 2022, 14, 14385-14432

become

(b) attractive and repulsive forces and their contribution to the interaction potential; (c) irreversible aggregation in the primary minimum; and (d)
reversible aggregation in the secondary minimum. The depth of the secondary minimum is qualitatively highlighted with a light blue circle with
respect to the thermal energy (expressed as kT with ki, as the Boltzmann constant and T the temperature).

overcome by the NPs for the interparticle interactions to
irreversibly attractive.
diffusion, which represents a ubiquitous source of kinetic
energy and is related to the system’s thermal energy, NPs must
physically collide and their thermal energy (k,7) must over-
come the potential energy barrier to experience inelastic col-
lision and form irreversible aggregates (Fig. 1c). Therefore,
although the state of thermodynamic equilibrium may be with
the particles in contact in the deep primary minimum, the

Following the Brownian

This journal is © The Royal Society of Chemistry 2022
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higher the barrier due to repulsive interactions, the less NPs
will be prone to aggregate irreversibly, but they will either
remain stable in the solution or aggregate in the weaker sec-
ondary minimum. In particular, when the thermal energy is
sufficient to drive the particles out of the secondary minimum,
the NPs will be totally dispersed in the solution and the
system is referred to as being kinetically stable (Fig. 1d, top).
On the other hand, NPs aggregate when the depth of the sec-
ondary minimum prevails over the thermal energy, but the
interparticle adhesion is much weaker than the primary
minimum because the depth of the potential well is consider-
ably shallower (Fig. 1d, bottom). It follows that, unlike in the
primary minimum, nanoparticles in the secondary minimum
are weakly connected without close contact and thus tend to
form reversible aggregates.>®*®*">*% Starting from a stable
NP/medium system (not-aggregated), in which long-range
repulsive NP interactions exceed attractive short-range poten-
tials (Fig. 1d, top), the aggregation process can be initiate by
an external stimulus (named attractive stimulus in Fig. 1d)
that leads to an increase of the depth of the secondary poten-
tial well since, in this way, NP assemblies stable enough not to
be broken by thermal motion can be formed. On the other
hand, NP assemblies can be disassembled by decreasing the
depth of the secondary potential well through a different exter-
nal stimulus (named repulsive stimulus in Fig. 1d) or by
removing the stimulus that led to the assembly. However, it
should keep in mind that stimuli do not act only on the sec-
ondary minimum, but also on the primary one and on the
potential energy barrier. For example, nanoparticles stabilized
by electrostatic repulsion can be aggregate in the secondary
minimum by increasing salt concentration (i.e., increasing the
ionic strength) and disassembled upon salt dilution. However,
the increase of ionic strength also decreases the potential
energy barrier, thus also favoring irreversible aggregation.
Similarly, an excessive increase in kinetic energy could also
favor the irreversible aggregation in the primary
minimum.’>®"~%* For the above reasons, a good control of the
chemical and physical properties of the system (NPs and
medium) and, in turn, of the competing colloidal interactions,
as well as a fine control of the external triggers and thermal
particle motion is essential to avoid irreversible aggregation of
NPs and, instead, achieve a reproducible reversible aggrega-
tion. Although the overall interaction potential between two
NPs is usually intended as a sum of contributions of the indi-
vidual interactions, as mentioned above, we have to point out
that this assumption is not precisely accurate for NPs in a dis-
persion due to the coupled behavior of the NP and the
medium.>® Thus, XDLVO theories often describes only qualitat-
ively the NPs stability, agglomeration tendency and assembly
ability witnessed in experiments. The predictive power of
xDLVO theories relies on properly assessing the type and
number of the individual interaction potentials to be con-
sidered. Therefore, the accuracy of the chosen input para-
meters of the different XDLVO components is of paramount
importance. Overall, xDLVO theories provide a simplified plat-
form to analyze the individual contributions from each

This journal is © The Royal Society of Chemistry 2022
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interaction.”®*"> As outlined in the following sections, robust
efforts have been made in recent years to refine the assessment
of the different interactions in play, enabling a clear improve-
ment in the prediction of NP stability. In the following sec-
tions, we will illustrate and discuss recent developments and
improvements that have been proposed for the individual
interaction contributions for systems made of interacting NPs.
A particular viewpoint is dedicated to aspects linked to the
reversibility of NPs assembly. Regarding the general math-
ematical formulations proposed to describe the individual
interaction contribution, the reader is encouraged to
refer to the thorough reviews already available in the
literature.>®*!,4:66-68

2.1. van der Waals interaction

The contribution of van der Waals interaction between two
objects is usually split into a product of a size-dependent term
and a size- and morphology-independent constant, known as
the Hamaker (or Lifshitz) constant, that depends on the dielec-
tric properties of the materials. However, for the case of nano-
particle systems, a not-negligible dependence of Hamaker con-
stant to the size has been reported®® and has been taken into
consideration in a recent extension of the DLVO.”® In particu-
lar, the Hamaker constant increases with decreasing NP dia-
meter and, for instance, 13 nm citrate-stabilized AuNPs show a
Hamaker constant 50% larger than that of bulk gold. However,
the extent of size dependence of the Hamaker constant tends
to decrease with increasing the NP diameter up to reach the
bulk value. The effect of a size-dependent Hamaker constant is
that larger attractive interactions between smaller NPs persist
at longer separation distances with respect to those between
NPs with radii greater than 50 nm.”® Although the deviations
in the attractive potential due to the size-dependent Hamaker
constant may appear modest, it is essential to apprehend that
the attractive potential decays slowly to zero at large separation
distances. In contrast, the other contributions to the total
interaction potential decay to zero at shorter separation dis-
tances. Thus, even a modest change in V,qw can considerably
affect nanoparticle stability because of the interplay between
the different contributions at relatively long separation
distances.”®

2.2. Electrostatic interaction

The electrostatic interaction potential (Vi) between two NPs
results from the long-range electrostatic forces that are estab-
lished as a result of the EDL formation when particles are dis-
persed in a solvent. The overlap between EDLs of like-charged
NPs leads to a repulsive electrostatic force that helps prevent
their aggregation. As mentioned before, the interplay between
electrostatic repulsion and attractive van der Waals forces
forms the basis of the classical DLVO theory of colloid science.
Vele depends on Debye length and surface potential. The Debye
length describes the thickness of the EDL and can be calcu-
lated as function of the ionic strength and dielectric constant
of the solvent. The increase in ionic strength leads to a com-
pression of the EDL ion cloud extension around the particle

Nanoscale, 2022, 14,14385-14432 | 14389
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and thus a decrease of electrostatic interaction.*’ The surface
potential is estimated using the zeta potential, but this
approximation is reasonable only for ionic strengths of the
solution sufficiently high that the Debye length is small in
relation to the separation distance. Therefore, the V. is sig-
nificantly underestimated in low ionic strength conditions, i.e.
the most common for solution containing nanoparticle.
Wijenayaka et al. proposed to overcome the underestimation
of surface potential by solving the Poisson-Boltzmann
equation for the distribution of point charges that decay as a
function of the radial distance from the charged nanoparticle
surface.”’ In another example concerning the anisotropic self-
assembly of charged AuNPs into chains, Zhang et al. improved
the capability of the DLVO theory by assessing the electrostatic
repulsion potential between NPs chain side by side and at
either end of a NP chain. Based on this modified xXDLVO
model, the electrostatic interaction between elongated objects
can be correlated with the NP surface charge density, NP radii
and the number of NPs composing the NP chains. Within this
formalism, the self-assembly of NPs in chains is promoted
when the end chain potential is relatively weaker than side
potential, thus strongly inhibiting the attachment of the NPs
into the sides of newly formed NP chains. The final number of
NPs per chain is controlled by the surface charge density,
which can be tailored by external stimuli such as the ionic
strength of the surrounding aqueous environment.”*

Since the electrostatic interaction is strongly influenced by
the presence of charged ligands on NP surface, the gradual re-
placement of these ligands with uncharged ones allows the
modulation of their repulsive contribution. The increasing re-
placement of citrate ions onto AuNP surface with an
uncharged oligo(ethylene glycol)alkanethiol ligand (MUHEG,
Fig. 2a) leads to a decrease of the V. (Fig. 2b, solid lines). On
the other hand, the electrostatic repulsion decreases to a con-
siderably minor extent when citrate is replaced with a similar
ligand (MUHEG-COOH, Fig. 2a) terminated with a negatively
charged functional group (Fig. 2b, dashed lines).””> As dis-
cussed in the Section 3, this strategy can be exploited to modu-
late both the electrostatic and steric repulsions (see Steric
repulsions forces section) between the NPs and, consequently,
their assembly.

2.3. Hydrophobic interaction

Hydrophobic interactions are grounded on the alteration of
the structure of water molecules around interfaces and solutes
and, for this reason, they have a critical role in various biologi-
cal processes. It is recognized that hydrophobic interactions
play a key role in nanomedicine applications since they directly
influence the stability and bio-distribution of nanoobjects and
because they affect the nanoobject’s mode of action in a given
environment.””> The hydrophobic interactions result from a
decrease in solubility of the shell that protects the NP surface,
which can be accomplished either by the addition of a non-
solvent or by temperature variation (see Sections 3.3 and 3.8).
The hydrophobic interaction contribution (Vi) to the total
interaction potential between nanoparticles can be accounted

14390 | Nanoscale, 2022, 14,14385-14432
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Fig. 2 (a) Molecular structures of MUHEG and MUHEG-COOH. (b)
Electrostatic potential as a function of AuNPs separation distance for
AuNPs with increasing replacement of citrate ions (from 0 to 100%) with
MUHEG (solid lines) and MUHEG—-COOH (dashed lines). Figure adapted
from ref. 72 (copyright 2017, Wiley-VCH).

considering three parameters: (i) the interfacial energy of the
NP organic ligand protective layer in a specific solvent compo-
sition; (ii) the hydrophobic decay length parameter; and (iii)
the hydrophobic-hydrophilic term (f) that describes the
degree of hydrophobicity in the system (f = 1 for zero hydro-
phobicity and f = 0 when the system shows maximum
hydrophobicity).”*

For example, Sanchez-Iglesias et al. proposed a theoretical
description for the assembly process, triggered by the addition
of water, of polystyrene (PS)-stabilized AuNPs dispersed in
THF.”* As shown in Fig. 3, in good solvent for PS chains (i.e.
THF) the hydrophobicity is zero (f= 1) and the steric repulsion
due to the polymer chains overcomes the attractive van der
Waals interactions, resulting in a potential barrier that pre-
vents the assembly of NPs. Following the addition of non-
solvent (i.e. water) in the system, the polymer chains compress
and attract each other and minimize the interaction to solvent
molecules, leading to an increase of attractive hydrophobic
interactions (f < 1). The potential barrier decreases with
increasing the amount of non-solvent as the total pair poten-
tial is increasingly dominated by the attractive hydrophobic
interactions, which are the main driving force behind nano-
particle assembly.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Effect of hydrophobic interactions on the total interaction
potential of nanoparticle pair for different solvent compositions (f = 1
for pure good solvent, f < 1 for mixture of good and non-solvent).
Reprinted with permission from ref. 74 (copyright 2012, American
Chemical Society).

2.4. Dipolar and charge-dipole attractive forces

Among others, dipolar and charge-dipole attractive forces
(Vaip) have also been considered one of the possible driving
contributions of the total potential for promoting NPs assem-
bly. Vqip, of citrate-stabilized AuNPs arises from surface defects
and nonuniform ligand capping that, yet, is usually negligibly
small. However, the surface functionalization of AuNPs with
alkanethiol-based ligands can dramatically enhance the dipole
moment by introducing Au-S bonds (of the order of several
k,T).”" In certain cases, such short-range attractive forces may
overcome the electrostatic repulsion, thus leading to the coup-
ling of neighboring particles. For instance, Gentili et al
reported that successful progressive replacement of the electro-
static and steric repulsions between the AuNPs, due to the
citrate ions adsorbed onto their surface, with dipolar inter-
actions and enhanced steric repulsions by controlled ligand
exchange with a hydroxyl-terminated oligo(ethylene glycol)
alkanethiol promotes the formation of chain-like assemblies.”
Because of the anisotropic character of the dipolar interaction,
the coupling of AuNPs is anisotropic. Vg, forces typically
depend on the NPs separation distance, dipole moment,
exchange interactions, dielectric properties of the medium and
the effective surface charge of the Nps.”>”7®

Regarding the magnetic properties (dipolar and exchange
interactions and surface magnetization), their role on the
stability and assembly of very small NPs can still be an issue.*
At this scale, the surface magnetization becomes critical and
depends on the magnetic order and thickness of the layer.
Grzybowski et al. proposed the assessment of the dipole-
dipole interaction of two separate magnetic NPs with fluctuat-
ing moments on the basis of the dipole moment of the indi-
vidual NPs, the separation distance and vacuum permittivity
can reach values of the order of 10k,T for 15 nm iron oxide
NPs at room temperature. In the case of static moments, the
dipolar energy scales linearly with particle volume and the

This journal is © The Royal Society of Chemistry 2022
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magnetic interaction becomes directional and the free energy
is minimized when the particle moments are aligned.**
Hence, magnetic nanoparticles tend to form chains or rings in
suspension, and this tendency is strongly enhanced in the
presence of a field.

2.5. Steric repulsions forces

Steric repulsion potential (V) represents a further relevant
contribution to the total potential deriving from the ligand-
ligand and ligand-solvent interactions. The type and magni-
tude of steric forces at play between ligand-protected NPs are
determined by the chemical nature of both the ligand and the
solvent and, in the case of mixed ligands, the composition of
the protecting shell. According to several works, the contri-
bution of steric repulsions can be described by combining the
osmotic and elastic interaction potentials.”®’*’® The osmotic
contribution comes into play when the interdigitation and
overlap of the organic ligand layers protecting two approaching
NPs lead to the exclusion of solvent molecules within the
ligand interaction region, producing an increase of the local
osmotic pressure and, consequently, the increase of repulsion
between the NPs. Therefore, the osmotic contribution depends
on the solvent properties, the ligand’s volume fraction and the
ordering degree of the ligand coverage. On the other hand,
when NP pairs approach also lead to the deformation and
compression of their ligands, providing an elastic contribution
to the steric repulsions. Fig. 4a and b shows the evaluation of
the role of theoretical ligand thickness (0.4, 0.8, and 2.0 nm)
on the osmotic and elastic interactions potential as a function
of the edge-to-edge separation distance between NPs. Both the
osmotic and the elastic contributions vary as a function of the
separation distance of the NPs and the thickness of the
ligands that protect them, but the osmotic potential is both
greater and decays more slowly with increasing the separation
distance compared to the elastic one.”®

It is worth note that, for NPs coated with well-ordered self-
assembled monolayers (SAMs), ligand thickness depends on
both the molecular length and the tilt angle of the surface-
bound molecules relative to the surface normal. Most SAMs
form with a significant tilt relative to the surface normal,
meaning that the ligand length is, by itself, a poor approxi-
mation for the monolayer thickness. For example, ~30° tilt
angles are commonly reported for alkanethiol monolayers.
However, the tilt angle is often neglected in many xDLVO cal-
culations. The short-range height of the repulsive barrier
between the first and second minimum of the total potential
results particularly sensitive to the SAM thickness and the tilt
angle of a monolayer often determines not only the barrier
height but also it affects the separation distance at which this
repulsive contribution decays to zero, thereby allowing for the
possibility of a shallow attractive basin where steric repulsions
decay to zero. Fig. 4c shows the evaluation of the total poten-
tial between a pair of NPs functionalized with a 1.5 nm ligand
oriented on the surface at 0°, 20°, 40°, and 60° tilt angles. For
tilt angles less than ~40°, no secondary minimum is observed,
and the NPs would need to overcome large (>30/k,T) energy
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Fig. 4 Effect of ligand thickness at t = 0.4 (solid black line), 0.8 (red dashed line), and 2.0 (blue dotted line) nm on the (a) osmotic (Vysm) and (b)
elastic (Veia) interaction potentials as a function of edge-to-edge separation distances between two NPs. (c) Effect of ligand tilt angle, 0 (solid black
line), 20 (red dashed line), 40 (blue dotted line), and 60° (green dashed and dotted line), on the total potential of a NPs pair functionalized. Adapted
with permission from ref. 70 (copyright 2015, American Chemical Society).

barriers for aggregation to occur. In contrast, however, NPs
with a tilt angle of 60° show a secondary minimum where the
NPs can be transiently trapped before overcoming the barrier
that is ~19/k,T. Aggregation, therefore, can be kinetically hin-
dered if the repulsive barrier is of sufficiently large ampli-
tude.”® Similar to what was discussed above for the electro-
static repulsion, the steric contribution to the repulsion
between NPs is strongly affected by the nature and the compo-
sition of the protecting shell on their surface. As shown in
Fig. 5, the V. of citrate-coated AuNPs drastically increases
upon exchange of citrate molecules with oligo(ethylene glycol)
alkanethiol ligands, such as MUHEG (solid lines) or MUHEG-
COOH (dashed lines) (see Fig. 2a for molecular structures).
Noteworthy, the increase of steric potential strongly correlates
with the extent of ligand substitution.”?

— 0%
25%

— 50%

— 75%

O 1 2 5 6
Separation (nm)

Fig. 5 Potential as a function of AuNPs separation distance for AuNPs
with increasing replacement of citrate ions (from 0 to 100%) with

MUHEQG (solid lines) and MUHEG—-COOH (dashed lines). Figure adapted
from ref. 72 (copyright 2017, Wiley-VCH).
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2.6. Alternative theories beyond (x)DLVO

Although applying classical DLVO theory to interacting NPs
can be improved by extending the original theoretical formu-
lation with additional empirical parameters, it still fails over
some fundamental aspects. This failure can be ascribed to the
omissions of factors that required further or alternative theore-
tical developments to be properly described, such as: statistical
thermodynamics approach,® fluctuations of surface polariz-
ation charge distribution,®" solvation shell reorganization,*
NP shape,® ion-specific effects®® and multiscale collective
effects become essential for accurate accounting of NP inter-
actions.” Indeed, it becomes impossible to neatly decompose
the potential of mean force (PMF) for the interaction of two
NPs into separate additive contributions from these inter-
actions, as performed in (x)DLVO, due to the coupled struc-
tural dynamics of neighbouring NPs and surrounding media.
An alternative approach explored in the literature has been to
work pursuing the assessment of the PMF between interacting
NPs through atomistic simulations.*>®® These simulations
compute the actual PMF as a function of particle-particle dis-
tance directly by calculating all of the interatomic forces
without using any smoothed models or superposition of
assumed additive forces.

3. Strategies for reversible assembly
of nanoparticles

The assembly of nanoparticles has been extensively addressed
and many strategies have been reported.'**"?”1%9 However,
reversible assembly of NPs remains challenging due to their
tendency to aggregate irreversibly. The assembly process of
NPs is driven by intermolecular interactions, such as hydrogen
bonding interaction, host-guest interaction, metal-ligand
interaction, hydrophobic interactions and electrostatic forces,
which occur between the designed molecules (or ligands) used
to functionalize their surface or, as in the case of magnetically
polarizable NPs, by the interaction of the external field and the
NP core. Therefore, in general, the response of the NPs to an

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Summary of the main chemical, physical and biochemicals stimuli employed to trigger the reversible assembly of nanoparticles.

external stimulus, with the exception of the magnetic field, is
not due to the NP core properties, but arises from the chemi-
cal/physical properties of the ligands exposed on their surface.
The modulation of these interactions by means of physical or
chemical stimuli, or by a combination of them, enables to
control the assembly and disassembly processes of NPs.
However, the assembly and disassembly processes of the same
system can be triggered using different stimulus. For this
reason and for the sake of simplicity, in this section we review
the main strategies to achieve reversible assembly of NPs
classified into categories based on the biochemical, chemical
or physical stimulus used to activate the assembly process,
except for a few examples. Scheme 2 summarizes the main
strategies and in the following sections each approach is
described and discussed considering the most relevant
examples and applications.

As summarized in Table 2, almost all of the reviewed
examples involve AuNPs because they are employed in the vast
majority of reversible assembly studies but, in our opinion,
this review may be also useful for the controlled assembly of
other nanomaterials, such as polyoxometalates, silica nano-
particles and quantum dots,’® > as well as for newly emerging
2D materials®* °> and biomaterials.’®

3.1. Biomolecular recognition (interactions)

One of the most exploited strategies to program the assembly
of NPs involves the use of biological macromolecules and
relies on their inherent recognition properties. Among all,
biospecific recognition of complementary DNA base pairing
has been exploited to develop different strategies to drive and
control assembly of NPs. The first example was reported by
Mirkin et al. in 1996, who reported the rational and reversible

Table 2 Experimental strategies employed for reversible assembly of nanoparticles

Stimulus Driving force Particle type Ref.
Biomolecular DNA base pairing AuNPs, AuNRs, AgNCs 97-108
interactions Artificial protein pairing AuNPs 109
Streptavidin-biotin binding AuNPs 110
Lectin-carbohydrate binding AuNPs 111
Enzymatic activity AuNPs, Fe;0, NPs 112 and 113
pH Modulation of the electrostatic forces AuNPs, AgNPs, AuNRs, CdTe NPs, Fe;0, 114-126
NPs
Conformational transitions of ligands AuNPs, AuNRs 127-130
Electrostatic or hydrogen bonding interactions of AuNPs, AgNPs 131-135
zwitterionic ligands
Solvent Hydrophobic interactions AuNPs, AuNRs, Janus Au-organosilica NPs 74 and
136-140
Metal ions Chelation of metal ions AuNPs, AuNRs 141-146
Crosslinking agents Thiol-gold bonding AuNPs 147 and 148
Molecular recognition AuNPs 149-152
Ligand shell Modulation of electrostatic, steric and dipolar AuNPs 72
composition interactions
Light Photoisomerization AuNPs, Fe;0, NPs 153-166
Photodimerization AuNPs 167 and 168
Temperature Hydrophilic-hydrophobic phase transition of polymers AuNPs, AuNRs, AgNPs, Fe;0, NPs, Ag- 169-178
Fe;0, dimers
Hydrophilic-hydrophobic phase transition of AuNPs, AuNRs 179-182
biopolymers
Modulation of electrostatic repulsions AuNPs 183
Molecular recognition AuNPs 184
Electric and magnetic Electric field Core-shell Au-Ag NPs, AgNPs, AuNPs 185-189
fields Magnetic field Fe;O, NPs 190-194

This journal is © The Royal Society of Chemistry 2022
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assembly of two batches of AuNPs into macroscopic aggregates
through their surface functionalization with non-complemen-
tary DNA oligonucleotides capped with thiol groups.”” The
addition of an oligonucleotide duplex containing sticky ends
that are complementary to the two grafted sequences induces
self-assemble of NPs into aggregates. Increasing the tempera-
ture above the dissociation temperature (Ty,, melting tempera-
ture) of the DNA-duplex, the assembly process can be reversed
and, thereby, can be modulated cyclically through changes of
the temperature above and below the melting temperature of
the hybridized DNA.?”~%° A similar approach has been reported
for the reversible assembly of gold nanorods,'®® which are
anisotropic nanoparticles widely studied for biological and
medical applications,'®™” silver nanocubes'® and gold
nanoparticle clusters'®® but, in these last two cases, nanocubes
and clusters were conjugated with two complementary
sequences, therefore assembly was carried out without the
addition of a linking DNA duplex. It is worth noting that the
exceptional understanding of the use of programmable inter-
actions between oligonucleotides allowed Mirkin and collabor-
ators to deduce a set of rules to control the self-assembly of
superlattice nanoparticles.'*®

As reported by Niemeyer et al., reversible assembly of DNA-
conjugated AuNPs can be also accomplished using two comp-
lementary “fueling” oligonucleotides comprised of three
stretches. As shown in Fig. 6, the first oligonucleotide (F,)
induces aggregation of NPs using two stretches complemen-
tary to the two batches of DNA-modified AuNPs (1 and 2). The
subsequent addition of the second oligonucleotide (Fg) pro-
motes the redispersion of the nanoparticles, as it is fully
complementary to and hybridizes with the first oligo-
nucleotide, exploiting the third, dangling-end, stretch which is
not involved in the duplex DNA that interconnects the nano-
particles. The reversible switching of the nanoparticle aggrega-
tion can be therefore triggered by subsequent alternating
addition of the two fueling oligomers.'®

Fig. 6 Schematic drawing of the reversible aggregation of DNA-
modified AuNPs utilizing fueling oligonucleotides F, and Fg.
Figure adapted from ref. 103 (copyright 2004, Wiley-VCH).
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Moreover, Sturla et al. more recently reported that similar
results can be achieved using two complementary oligonucleo-
tides without the need for third dangling-end stretch, but they
highlight that only a perfectly complementary oligonucleotides
can reverse the assembly of the nanoparticles, as a single base
mismatch already compromises the disassembly process.'®*
Also, protons can be used to trigger and control assembly/
disassembly of DNA-functionalized AuNPs exploiting the pH-
dependent formation of triple-helix DNA'®® or of intra-mole-
cular DNA quadruplex (i-motif)."®® As the aggregation of
AuNPs is accompanied by a color change, from red-to-pinkish/
purple, the assembly of DNA-functionalized AuNPs by hybrid-
ization can be easily exploited to develop systems for selective
colorimetric detection of polynucleotides.'®” In addition, since
the use of AuNPs excludes photobleaching and cytotoxicity
problems, their reversible assembly mediated by DNA hybridiz-
ation has also proved useful for in vitro detection. Irudayaraj
et al. exploited the reversible assembly of DNA-functionalized
AuNPs to form a network of NP assemblies (<150 nm) onto cell
surface for the specific detection of biomarkers by means of
SERS mapping and hyperspectral SPR imaging. The strategy is
based on pointer NPs, which are AuNPs functionalized with an
antibody (anti-CD44 or anti-CD24) and a single stranded DNA
(ssDNA), and enhancer NPs that are AuNPs functionalized
with a ssDNA complementary to those used for pointer NPs
functionalization and a Raman labels (4-mercaptopyridine or
4,6-dimethyl-2-pyrimidinethiol). As shown in Fig. 7a, the two
pointer NPs bind to the respective marker (CD44 or CD24) on
the cell surface and the subsequent addition of the two types
of enhancer NPs leads to the formation of aggregates around
the respective pointer NPs by DNA hybridization (Fig. 7b, i-iii).
In this way, the formation of aggregates, which can be dis-
assembled by raising the temperature (Fig. 7b, iv), prevents the
nanoparticle uptake by cells and a Raman label is specifically
paired to a biological marker (CD44 or CD24) which, therefore,
can be selectively probed by SERS.'%®

As we discuss below, other biological macromolecules have
been exploited to address the reversible assembly of NPs, but
we have to point out that their use has been considerably less
than those of the DNA. For example, similar to the above-
discussed examples that exploit DNA base pairing, artificial
protein pairs with high mutual binding affinity have been
employed to functionalize AuNPs and drive their assembly.
The extent of aggregation can be controlled by changing the
protein-particle stoichiometry and the aggregates are reversibly
disassembled by addition of free protein, but it is not reported
if the assembly/disassembly process can be repeated more
than once."*

Pérez-Luna et al. reported the reversibility of aggregation of
biotinylated AuNPs, exploiting the high affinity of biotin with
streptavidin. AuNPs were passivated with a carboxylic-termi-
nated alkane thiol and, subsequently, functionalized with a
ligand containing biotin and ethylene glycol groups to prevent
nonspecific interactions that can adversely affect the reversibil-
ity of the assembly process, through a covalent coupling. The
biotin content on the surface of the nanoparticles was

This journal is © The Royal Society of Chemistry 2022
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(a) Schematic of the cell marker detection strategy. After targeting a cell surface receptor by a pointer particle, network forming nano-

particles are added to form the network structure. (b) Back scattering SEM images show the growth of network structures due to DNA hybridization.
The temperature-dependent nature of network formation and its reversibility is illustrated. Each image shows the network structure after a hybridiz-
ation time of (i) 5 min (inset: 3 min, scale bar = 100 nm), (ii) 20 min, (iii) 40 min, and (iv) after a temperature step above the hybridization melting
point (45 °C). Reprinted with permission from ref. 108 (copyright 2011, American Chemical Society).

adjusted by using a second ligand without biotin groups. The
aggregation of biotinylated gold nanoparticles was driven by
addition of streptavidin, while reversal of aggregation was
accomplished by the addition of soluble biotin that, however,
it was checked only after 80 days."'® Using a similar approach,
Kataoka et al. exploited the carbohydrate-binding properties of
lectin to control the assembly of lactose-immobilized AuNPs,
which have been achieved through the functionalization of
NPs with heterobifunctional poly(ethylene glycol) derivative
containing both thiol and acetal groups. In particular, when
exposed to a bivalent lectin that specifically recognizing the
B-p-galactose residue, lactose-conjugated AuNPs exhibit selec-
tive aggregation whose extent is proportional to lectin concen-
tration, allowing the system to be used to quantify the concen-
tration of lectin. The aggregation process can be reversed by
adding an excess of competitive ligand, i.e. galactose, and the
dissociated NPs can be recovered by centrifugation and
undergo a new aggregation by re-addition of lectin. This revers-
ible process was confirmed to be repeatable through several
cycles. Noteworthy, the passivation of the nanoparticle surface
with heterobifunctional poly(ethylene glycol) derivatives allows
the immobilization of biomolecules on the NP surface and, at
the same time, improves the stability of nanoparticles.""*

A very interesting approach to control the assembly/di-
sassembly of magnetic NPs, proposed by Bhatia et al., exploits
not only the biomolecular recognition, but is also based on
the biochemical activity of two antagonistic enzymes (tyrosine
kinase/phosphatase)."** As schematically shown in Fig. 8, mag-
netic NPs are modified with suitable peptides to become “sub-
strates” that can be phosphorylated by a tyrosine kinase and,
subsequently, dephosphorylated by a  phosphatase.
Meanwhile, a second batch of magnetic NPs are modified with
peptides containing domains (Sh2) that recognize and bind
the phosphorylated substrates. As a result, the phosphoryl-
ation of magnetic NPs by Abl tyrosine kinase in presence of
ATP induces their assembly with the Sh2-functionalized NPs,

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Schematic representation of reversible assembly of magnetic
NPs based on the biochemical activity of two antagonistic enzymes.
Figure adapted from ref. 112 (copyright 2007, Wiley-VCH).

while the subsequent dephosphorylation by addition of YOP
phosphatase leads to disassembly. The assembly/disassembly
processes of NPs can be assessed by monitoring changing of
both hydrodynamic diameter and T, relaxation in MRI and
allow indirect visualization of the activity of two specific and
antagonistic enzymes.

Very recently, Klajn et al. have reported the reversible
assembly of positively charged NPs exploiting the enzymes
activity in combination with the ability of triply or more
charged anions to induce the aggregation of charged NPs, as
opposed to mono- or dianions. AuNPs functionalized with
(11-mercaptoundecyl)-N,N,N-trimethylammonium bromide are
assembled by the addition of deprotonated adenosine triphos-
phate (ATP; i.e. an anion with multiple charge), however the
presence of a phosphatase enzyme leads to the ATP hydrolysis
into adenosine monophosphate (AMP) and HPO,>~, which are
anions incapable of inducing NP aggregation and, therefore,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr02640f

Open Access Article. Published on 26 September 2022. Downloaded on 11/24/2025 7:07:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the disassembly of NPs follows. As the assembly of NPs
induced by ATP is faster than ATP hydrolysis, the assembly/
disassembly process can be repeated for more than 20 cycles by
injecting fresh ATP. However, while the assembly rate remains
almost the same, the disassembly process becomes slower
during the cycles due to lowering of the enzyme activity.'*?

3.2. pH

The pH-controlled assembly of NPs exploits the protonation/
deprotonation of functional groups exposed on the outer shell
of the NPs and the arising attractive or repulsive interparticle
forces, such as hydrogen bonding, electrostatic or hydrophobic
interactions. Several pH-driven strategies have been proposed
and the most common are schematically reported in the Fig. 9.

The most common pH-driven strategy to induce the assem-
bly of NPs relies on the neutralization of the interparticle
electrostatic repulsions through the protonation or deprotona-
tion of functional groups such as carboxylate and amine
groups (Fig. 9a). Upon neutralization of the functional groups,
the electrostatic repulsion is significantly lowered and the
assembly of NPs is driven by the predominance of attractive
forces, such as van der Waals attraction and often by the estab-
lishment of intermolecular interactions between NP ligands
(i.e., hydrogen bonding). For example, NPs passivated with car-
boxylic-terminated ligands can be assembled at low pH values,
because of carboxylic acid groups form intermolecular
H-bonds, and disassembled increasing the pH as to promote
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Fig. 9 Schematic illustration of the most exploited pH-driven strategies
to control the assembly of NPs. pH variation induces reversible assembly
of NPs through the (a) modulation of the electrostatic forces, (b) confor-
mational transitions of ligands, and (c) the electrostatic (i) or hydrogen
bonding (ii) interactions of zwitterionic ligands.
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electrostatic repulsions by deprotonation and formation of
negatively charged carboxylate anions.'* However, Grzybowski
et al. highlighted that using “short” ionizable ligands, such as
2-fluoro-4-mercaptophenol, for the functionalization of NPs
can lead to bistability and hysteresis during aggregation, i.e.,
NPs can exist in either dispersed or aggregated states at the
same value of pH.""®> On the other hand, the co-existence of a
small ionizable ligand, such as 4-mercaptobenzonic acid
(4-MBA), and oleylamine on AuNPs allows their reversible
assembly into nanovesicles as a function of protonation/depro-
tonation of the 4-MBA.""® In addition, oscillatory aggregation
of NPs can be observed when they are functionalized with
ionizable ligands, such as 2-fluoro para-mercaptophenol and
12-mercaptododecanoic acid, and integrated with pH oscillator
systems whose pH range includes the pK, of the SAMs covering
the NPs."'”""*® 1t should be noted that in the case of 2-fluoro-4-
mercaptophenol, the authors argue that the assembly is driven
by the dominance of van der Waals attractions upon protona-
tion of the ligands.

In the studies reviewed up to here, the protonation/deproto-
nation of ligands has been achieved by adding acidic or basic
solutions, however this can be also performed by addition of
gases. Lu et al. reported that aggregation and redispersion of
the magnetic NPs functionalized with 1,8-diaminooctane can
be repeatedly induced by bubbling nitrogen and carbon
dioxide sequentially, as they provoke the deprotonation and
protonation of the amine groups, respectively.'*®

The protonation/deprotonation of ionizable ligands can be
also used to control the assembly of NPs at the interface
between two immiscible liquids by changing the pH. AuNPs
and CdTe NPs functionalized with 3-mercaptopropionic acid
(3-MPA) or 4-MBA assemble at the liquid-liquid interface (LLI)
between water and heptane when the ligands are protonated
and the NPs are uncharged (i.e., the pH solution is below the
pK, of the ligands). The increase of the pH above the pK, of
3-MPA and 4-MBA leads to the deprotonation of the carboxylic
acid groups and to the dispersion of the resulting negatively
charged NPs in the aqueous phase. However, the reversibility
of the interfacial assembly, for more than one cycle, has been
experimentally demonstrated only for AuNPs coated with
4-MBA and NP size smaller than 10 nm, but also in this case
further cycling of the pH leads to the coalescence of NPs."*°
Similarly, Turek et al. reported that the assembly of 12-mercap-
tododecanoic acid (MDDA)-functionalized AuNPs at the water/
1,2-dichloroethane interface, at first achieved by salt addition
and centrifugation, can be completely reversed once by chan-
ging the pH in the aqueous phase.'*" Better results, in terms
of reversibility of pH-driven assembly at the LLI, could be
achieved through the functionalization of NPs with ion-pair
complexes, in agreement with what was reported for assembly
at the toluene-water interface of AuNPs functionalized with
mercaptohexadecanoic acid and tetrapentylammonium
chloride.'**

All the above-mentioned examples exploit the neutralization
of ionizable functional groups introduced on the NP surface
through the grafting with “small” organic ligands, but poly-

This journal is © The Royal Society of Chemistry 2022
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mers can also be used successfully. For example, AuNPs
capped with poly(4-vinylpyridine) (P4VP), which is as a water-
soluble polymer, are monodispersed at low pH (~3) due to the
repulsive forces arising from the protonation of the pyridyl
groups of P4VP while, at higher pH values, the P4VP chains
collapse and the AuNPs aggregate.'*® Similarly, AgNPs coated
with poly(acrylic acid) (PAA) can be assemble and disassemble
through pH variation,"®* as well as, Janus magnetic NPs,
which expose PAA and polystyrene sodium sulfonate (PSSNa)
or polydimethylaminoethyl methacrylate (PDMAEMA) on their
surface, form assemblies when the pH is lowered below the
PK, of the PAA as protonation of acid groups occurs. The for-
mation of assemblies is reversible and their size can be con-
trolled by changing the molecular weight of the grafted
polymer.'?® In addition, the same research group reported that
temperature-driven assembly of the Janus NPs can be
achieved using a temperature-responsive polymer, such as poly
(N-isopropyl acrylamide), instead of PSSNa or PDMAEMA,
however, the Janus NPs lose their ability to reversibly aggregate
to changes in pH because, according to the authors, the
PNIPAM did not provide sufficient steric stabilization at low
pH.'*°

Contrary to the above described concepts, Wang et al.
reported that the functionalization of gold nanorods (AuNRs)
with 3-mercaptopropionic acid (MPA) or 11-mercaptoundeca-
noic acid (MUA) induce their assembly at pH values at which
MPA and MUA are negatively charged.'*® However, in this
case, albeit the thiol groups of the ligands bind to the surface
of AuNRs and the carboxyl groups are exposed and can assist
the assembly process, the cationic bilayer on the surface of
AuNRs made of cetyltrimethylammonium bromide (CTAB) is
not completely displaced by the functionalization with MPA
and MUA. Therefore, the pH-dependent assembly/disassembly
must be rationalized considering the presence of both ligands.

As shown in Fig. 9b, beside the interparticle electrostatic
forces, the functionalization of NPs with suitable polymers,
whose protonation/deprotonation induces chain confor-
mational transitions, enables to control the aggregation pro-
cesses by exploiting their hydrophobic interactions in aqueous
environments. For example, AuNPs functionalized with poly-.-
lysine (PLL) undergo assembly by increasing the pH because
the deprotonation of the lysine residues results in the conver-
sion of the dominant conformations of PLL, i.e., random coil
and B-turn structures, into o-helix and f-sheet structures.'*’
On the contrary, when AuNPs are functionalized with disulfide
modified poly(-glutamic acid) (PGA) their assembly occurs at
low pH values, because of the protonation of the carboxylic
acid groups leads to a secondary structure of the PGA domi-
nated by o-helical structures. The increase of pH causes the
deprotonation of the acid groups and, in turn, PGA becomes
progressively negatively charged and undergoes the helix-coil
transition, favoring the disassembly of AuNPs."*® Exploiting
the pH-dependent conformation change of the same polypep-
tide, Gupta et al also reported the reversible end-to-end
assembly of AuNRs through selective functionalization of their
ends with the polypeptide chains."*’

This journal is © The Royal Society of Chemistry 2022
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Similar to what was discussed above, gases can also be
employed to induce the conformational transition in polymer
chains, for example polymers containing tertiary-amine side
groups, such as poly(N,N-diethylaminoethyl methacrylate)
(PDEAEMA), can switch from hydrophobic to hydrophilic upon
reaction with carbon dioxide in water and vice versa by adding
nitrogen. Consequently, AuNPs functionalized with thiol-ter-
minated PDEAEMA can be dispersed or phase-separated in
water by purging CO, and N,, respectively. Note that this
system was employed as a catalyst in the reduction of 4-nitro-
phenol into 4-aminophenol and its reversible phase separation
and re-dispersion upon gas purging has been proven useful for
the easy recovery and reuse of the NPs, without compromising
their catalytic activity."*°

The reversible pH-depend assembly of NPs can be also
pursued through the surface functionalization of NPs with
zwitterionic ligands, such as amino acids and oligopeptides
(see Fig. 9c). However, in this case, at least two different
mechanisms of assembly are possible: (i) via electrostatic inter-
actions between zwitterionic forms; and, (ii) the assembly by
hydrogen bonding. As we discuss below, examples of both
mechanisms are reported in literature, but a general rule
cannot be easily deduced, rather the specific nature of the
ligand seems to play a crucial role. For example, functionali-
zation of AuNPs with homocysteine, which is a thiol-contain-
ing amino acid found in plasma, leads to their assembly at the
pH range 5-7 through head-to-head electrostatic interaction of
the zwitterionic forms, while the disassembly take places when
the pH is increased up to ~11, following the deprotonation of
the amine groups, and accelerated by raising the temperature
of the solution.”®! On the other hand, the same research group
reported that the hydrogen bonding of the carboxylic acid
groups is mainly responsible for the assembly of AuNPs func-
tionalized with the tripeptide glutathione."** Peptides have
been also exploited to control the assembly of silver NPs
(AgNPs)."** similarly, the functionalization of gold and silver
NPs with br-penicillamine (PEN) or its amine protected
counterpart, N-acetyl-pi-penicillamine (NAP), leads to their
assembly by hydrogen bonding. In particular, as explained by
the authors, the decrease of pH leads to the assembly of NPs
following the protonation of the carboxylic groups and the
consequent decrease in their stability by electrostatic inter-
actions and the advent of hydrogen bonding interactions.
Electrostatic repulsions are restored by increasing the pH, thus
promoting the disaggregation process.'**

In all the above-mentioned strategies, the pH-induced
assembly of NPs is achieved in a single specific pH range as
well as for the disassembly. However, using zwitterionic
ligands, assembly/disassembly of NPs should theoretically be
possible at two different pH ranges, but the different inter-
molecular forces at play drastically limit the switchability. Very
recently, He et al. reported that the functionalization of AuNPs
with a thiolated derivative of guanidiniocarbonyl pyrrole car-
boxylate zwitterion (GCPZ, 1, Fig. 10a), which is a self-comp-
lementary molecule able to form extremely stable head-to-tail
dimers by H-bond enforced ion pairing, enables their dual pH-
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induced reversible self-assembly in DMSO/water mixtures. As
shown in Fig. 10b, increasing the pH of the mixture (from left
to right), the thiolate GCPZ ligand form moves through the
sequence protonated-zwitterionic-deprotonated. While inter-
molecular repulsive forces prevail for the protonated and
deprotonated GCPZ forms, in the zwitterionic form the ionic
hydrogen bond between the GCPZ groups and the hydrophobic
effect favor their supramolecular pairing, as a results AuNPs
assemble at neutral pH and disassemble by addition of base
or acid. However, the authors showed that the dual pH-
induced reversible self-assembly depends strongly on both the
water content of the solvent mixtures and the GCPZ ligand
density that was varied through co-functionalization with
ligand 2 (Fig. 10a)."*®

Similarly, Liz-Marzan et al. exploited the “U-shaped” pH-
solubility profile of a protein, i.e. bovine serum albumin (BSA),
to control the assembly of AuNPs through changes in solution
pH. AuNPs modified with BSA showed a pH-dependent behav-
ior similar to pure BSA. At pH values below and above the iso-
electric point (pI) of BSA, the AuNPs are respectively positively
or negatively charged and, therefore, do not aggregate due to
electrostatic stabilization. At pH = pI, the surface of AuNPs is
not charged and, therefore, the lack of electrostatic repulsions
leads to their aggregation. The pH-induced aggregation of the
AuNPs coated with BSA is reversible and can be repeated mul-
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(a) Molecular structures of ligand 1 and 2. (b) Schematic representation of the dual pH-induced reversible self-assembly of AuNPs functio-
nalized with 1. Figure adapted from ref. 135 (copyright 2020, Wiley-VCH).

tiple times, but, in the acidic pH range, the disaggregation is
incomplete.>*°

3.3. Solvent

Similar to what happen for crystallization/precipitation of
chemical compounds dissolved in a good solvent, i.e. a solvent
in which they are highly soluble, by addition of a bad solvent,
i.e. a solvent in which the desired compound is insoluble, the
assembly of NPs can be induced through the addition of a bad
solvent (or non-solvent) to NPs dispersed in a good solvent.
The solubility of NPs is ruled by the nature of the ligands
grafted onto their surface and, therefore, a fine tuning of their
surface functionalization allows the controlled and reversible
assembly through the addition of a non-solvent, as well as a
control over the geometry and complexity of the assemblies.
For example, as reported by Liz-Marzan et al., the addition of
water (bad solvent) to a AuNPs stabilized with thiolated poly-
styrene and dispersed in tetrahydrofuran (THF) leads to form
spherical aggregates consisting of nanoparticles with the same
diameter (see Fig. 11a)’* or two different diameters.*® As
revealed by UV-vis-NIR spectra and TEM images (Fig. 11b), PS-
coated AuNPs in THF (1) are assembled into spherical aggre-
gates upon addition of water (2) and the growth of NP assem-
blies can be controlled by adding a polymeric surfactant able
to encapsulate them in micelle. Subsequent addition of THF

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 (a) Schematic representation of nonsolvent-induced reversible assembly of PS-coated gold nanoparticles in THF and the consequent

change of color solution. (b) UV-vis-NIR spectra and TEM images of PS-coated AuNPs in different mixture: (1) stable colloid solution in THF; (2) self-
assembly, thermal treatment, and transfer into water maximize the redshift of the plasmon band; (3) gradual disassembly of the clusters by addition
of good solvent; (4) recovery of the initial plasmon band position and colloidal stability of the building blocks in THF. (c) Average aggregate diameter
(top), interparticle distance (middle) and nanoparticles volume fraction (bottom) as a function of length of the PS chains for 18, 40, and 60 nm gold
nanoparticles. Figure adapted from ref. 74 (copyright 2012, American Chemical Society).

leads to gradual disintegration of the assemblies (3), and com-
plete disassembly is achieved after water removal (4). The
assemblies and the distances between the particles increase as
the length of the polymer chains increases, regardless of the
diameter of the nanoparticles, while the volume fraction of
metallic gold in the aggregates increases with increasing NP
diameter and decreasing polymer chain length (Fig. 11c).”
Noteworthy, highly reproducible shifts of the LSPR can be
achieved through the confinement of AuNPs in permeable
silica shells, thereby fixing the number of particles participat-
ing in the assembly process.™”

Using a different good solvent, i.e. dimethyl formamide
(DMF), Kumacheva et al. reported that the addition of water to
AuNPs coated with PS induces the assembly in linear chains or
spherical aggregates or both as a function of the length of the
polymer chains and amount of non-solvent. The disaggrega-
tion process can be achieved through the reduction of water
below a critical concentration that depends on the molecular
weight of the PS grafted on the NP surface but, while globular
aggregates directly disassembly in individual NPs, the disag-
gregation of NP chains achieved with PS of high molecular
weight (~20 kDa) occurs via an intermediate globular state."®

The addition of a non-solvent can be also employed to
trigger the assembly of amphiphilic NPs at the liquid-liquid

This journal is © The Royal Society of Chemistry 2022

interface of a biphasic system. Duan et al. reported that the
amphiphilic AuNPs obtained by the coating with polyethylene
glycol and polymethyl methacrylate (PMMA), which confer
solubility in water and in chloroform, respectively, can be
assembled at the chloroform-water interface through the
addition of hexane. Noteworthy, using a polymer having ioniz-
able basic residues instead of PMMA, such as poly(2-(diethyl-
amino)ethyl methacrylate), the assembly/disassembly process
of NPs can be triggered by the pH variation."*®
Examples discussed so far exploit the NP
functionalization with polymers and the addition of a solvent
in which the NPs are insoluble to induce their assembly. A
completely different approach to achieve the reversible assem-
bly of NPs in dimers and trimers exploits the use of the Janus
nanostructure to induce the directional assembly of NPs in
combination with the different strength of interaction between
the same ligand and the two materials composing the Janus
nanoparticles. In particular, Janus gold-organosilica NPs can
be assembled in dimers or trimers upon adding ethanol solu-
tion because of the selective removal of the ligand, i.e. CTAB
molecules, bonded to the gold core, as organosilica possesses
a stronger interaction with CTAB than gold. However, CTAB
molecules on the gold surface are not completely removed,
thus enabling the reversible disassembly of dimers and

surface
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trimers by ultrasonication in CTAB aqueous solution. The
ratio between dimers and trimers can be modulate by
tuning the steric hindrance of the Janus NPs, ie. through
the ratio between the size of AuNPs and the size of
organosilica.'*’

3.4. Metal ions

The interest towards the assembly of NPs induced by the che-
lation of metal ions stems from the desire to develop simple
techniques for the detection of small concentrations of
aqueous heavy metal ions, rather than from the need to
control the assembly process itself.'*' Therefore, while there
are many examples of detection of metal ions based on
assembly of NPs, few research articles address the reversible
assembly of NPs triggered by the chelation of metal ions. In
particular, the reported studies exploit the chelating pro-
perties of carboxylate groups. For example, Mandal et al.
were able to assemble peptide-functionalized AuNPs by che-
lation between carboxylate groups, which are exposed on the
surface of NPs, and metal ions, such as Pb**, Cd**, Cu®*" and
Zn>* but, upon the addition of a competitive chelating agent,
such as EDTA, the assembly process was completely
reversed."*” Using a similar approach, Wang et al. exploited
the carboxylic acid groups of poly(acrylic acid) to induce the
assembly of poly(acrylic acid)-1-dodecanethiol-stabilized
AuNPs.'** More recently, Pillai et al. reported that a balance
between the attractive and repulsive forces is needed to
obtain the controlled aggregation of NPs induced by the che-
lation of metal ions."** As a proof of concept, the authors
studied the assembly behavior of AuNPs functionalized with
mixed self-assembled monolayer of 11-mercaptoundecanoic
acid (MUA) and (N,N,N-trimethyl(11-mercaptoundecyl)
ammonium chloride (TMA)). As schematically shown in
Fig. 12a, the interparticle attractive forces due to the chela-
tion of metal ions by the carboxylic acid groups of the MUA
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Fig. 12 Schematic representation of the concept of regulating interpar-
ticle forces to achieve controlled aggregation in charged NPs. (a)
Homogeneously charged AuNPs functionalized with MUA and (b)
heterogeneously charged AuNPs functionalized with a mixture of MUA
and TMA. Reprinted with permission from ref. 144 (copyright 2016,
American Chemical Society).
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molecules lead to uncontrolled and irreversible aggregation
of NPs. The regulation of interparticle forces through the
balance between the attractive forces with the electrostatic
repulsive ones, which are provided by the positively charged
quaternary ammonium groups of the TMA molecules
(Fig. 12b), allow the authors to achieve a controlled and
reversible aggregation of AuNPs. However, in contrast to the
previous examples, the disaggregation of NPs is not complete
after the addition of EDTA, but the addition of sodium
hydroxide is required. The use of mixed surface ligands has
been recently exploited also by Su et al. to control the assem-
bly of AuNPs by the addition of metal ions. In this study, the
surface of AuNPs is protected by a mixture of tannic acid and
sodium citrate. While the former ligand favors the assembly
of NPs through metal-phenolic bonding following the
addition of ferric ions, the latter limits assembly process by
providing electrostatic repulsion. The disassembly of AuNPs,
also in this case, is achieved by adding EDTA which is a
stronger chelation ligand for ferric ions."*

In the above-described cases, metal ions and competitive
chelating agents are employed to induce assembly and dis-
assembly of NPs respectively, but a reverse approach is also
possible. For example, electrostatic interaction between
EDTA and cetyltrimethylammonium bromide (CTAB) bilayer
adsorbed on the surface of gold nanorods (AuNRs) has been
exploited to induce their assembly. Noteworthy, while low
concentration of EDTA induces the formation of end-to-end
assemblies of AuNRs, higher concentrations of EDTA lead
to sheet-like AuNRs structures. Upon addition of metal
ions, EDTA detaches from the AuNRs and forms stronger
complexes with metal ions, resulting in disassembly.
Assembly and disassembly processes can be reversed for
three times, before the irreversible aggregation of the
AuNRs.'*°

3.5. Crosslinking agents

Crosslinking agents are molecules with two (or more) func-
tional groups able to either directly or indirectly interact with
the surface of NPs. The direct approach, in which the cross-
linking molecules simultaneously bind the “naked” surface
of two NPs, has been poorly investigated to develop reversible
aggregation processes of NPs and very few examples have
been reported. Guarise et al. reported the reversible aggrega-
tion of AuNPs by using a blend of cleavable-dithiol and
colloid-stabilizing thiol. Citrate-capped AuNPs were passi-
vated using a blend of monothiol, which ensures stability,
and a dithiol that contains carboxylate ester functions and
promotes the aggregation of NPs. The addition of a cleaving
agent, such as hydrazine, cleaves the ester bonds of dithiol
leading to the disaggregation of NPs, however, further
addition of dithiol causes the formation of the assemblies
again.'*” Therefore, the reversibility of this strategy is based
on alternation of the cleavage of a covalent bond and the
introduction of fresh dithiol. Differently, Law et al. reported
that AuNPs cross-linked by hexa(ethylene glycol) dithiol can
be disassembled, in presence of citrate ions, by a brief treat-

This journal is © The Royal Society of Chemistry 2022
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ment with ozone. The oxidizing action of ozone converts thiol
groups, which are strongly bound to the gold surface, into
sulfonates that are weakly bound and easily exchanged with
free citrate ions in solution, favoring the NP redispersion.
Similarly to the previous example, the reversibility of this
process was achieve by consecutively adding dithiol and
ozone.'*®

By contrast to the above examples, the use of crosslinking
agents that indirectly interact with the surface of NPs to
control their assembly process is based on the modulation of
noncovalent interactions. This strategy has been widely
exploited using supramolecular systems. For examples, Jiang
et al. proposed to exploit host-guest inclusion complexation
between cyclodextrins and ditopic guests to control the self-
assembly and disassembly of AuNPs. The f-cyclodextrin
modified AuNPs aggregate together upon addition of a guest
compound designed, thanks to the double-azobenzene struc-
ture, to act as bridge to link the NPs. The degree of the par-
ticle aggregation is proportional to the concentration of the
guest compound and, above all, aggregates can be dissociated
into discrete NPs by addition of a-cyclodextrin, which acts as
competitive host by capturing the guest molecules from the
cavity of the p-cyclodextrins on the particle surface. The
aggregation/disaggregation process of p-cyclodextrin modi-
fied AuNPs can cyclically repeated by sequential addition of
guest compound, re-addition of competitive host and sub-
sequent recovery by centrifugation.'”® In another study,
aggregation of AuNPs has been achieved through the charge
transfer interaction between pyrenyl groups immobilized on
their surface and a crosslinking agent containing two term-
inal dinitrophenyl groups. However, in this case, the dis-
aggregation process was obtained by heating, thus exploiting
temperature-dependent stability of the involved noncovalent
interactions."*°

The above-mentioned studies exemplified that supramole-
cular systems can be suitably used to control the assembly/
disassembly process of NPs, however, as proposed by
Stoddart, Grzybowski et al., the formation of supramolecular
host-guest complexes along with the design of molecular
templates, which act as crosslinking agents, can be exploited
to assemble NPs in precise predetermined spatial arrange-
ments."”" The reversible assembly of AuNPs into homodi-
mers, trimers, and tetramers has been reported exploiting
the reversible formation of a pseudorotaxane,”! i.e. supra-
molecular entities consisting of linear guests threaded
through and bound to macrocyclic hosts, between the cyclo-
bis(paraquat-p-phenylene) (CBPQT**) tetracationic cyclo-
phane and the diethylene glycol-disubstituted tetrathiafulva-
lene (TTF-DEG). When the electrochemically active reco-
gnition unit, i.e. TTF, of the latter is in its neutral state, the
TTF-DEG is threaded through the CBPQT*" macrocyclic to
form a 1:1 complex (pseudorotaxane) via noncovalent
bonding interactions. However, the chemical or electro-
chemical oxidation of TTF unit generates the dicationic
TTF>" species that triggers the dethreading of the complex
because of the arising coulombic repulsion with the tetraca-

This journal is © The Royal Society of Chemistry 2022
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tionic CBPQT*" ring. These threading and dethreading
events can be repeated numerous times through the oxi-
dation/reduction of the TTF/TTF>" unit by addition of chemi-
cal oxidants and reductants or electrochemically. The
authors have synthesized CBPQT*"-based derivatives (1-3 in
Fig. 13a), containing 2, 3 or 4 CBPQT*" units, that act as
molecular templates, while AuNPs were functionalized with a
mixed monolayer of dithiolane derivatives 4 and 5 (Fig. 13a),
the latter of which contains the TTF unit. As shown in
Fig. 13b, AuNPs are assembled into dimers, trimers and tet-
ramers when combined with the templates 1-3, which act as
crosslinking agents through the formation of pseudorotax-
anes between their CBPQT*" units and the TTF units exposed
on the NP surface. Noteworthy, the use of mixed monolayer
of 4 and 5, to “dilute” the TTF units on the NP surface,
allows the authors to prevent the formation of network-like
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Fig. 13 (a) Structural formulas of the CBPQT** dimer 18+, trimer 212*,
tetramer 3'¢*, and the dithiolane-functionalized triethylene glycol 4 and
TTF-DEG 5 (green station = TTF). (b) Schematic representation of the
reversible assembly of AuNPs in homodimers, trimers and tetramers
exploiting the reversible formation of pseudorotaxanes. Adapted with
permission from ref. 151 (copyright 2009, American Chemical Society).
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NP aggregates. The assembly process can be reversed
through the oxidation of the TTF units and, according to the
reversibility of the pseudorotaxane formation, the authors
claim that assembly process is fully reversible. Interestingly,
the authors also demonstrated that this strategy can be
extended to the reversible capture of gold and silver NPs with
CBPQT**-decorated polymers.'>”

3.6. Ligand shell composition

Beside the chemical nature of the ligands that protect the NP
surface, as discussed in the Theory section, the composition
of the protecting shell in NPs coated with a mixture of
ligands competes to determine both the type and the extent
of interparticle interactions. It follows that the modulation of
the ligand shell composition can be exploited to control both
attractive and repulsive interactions between NPs. For
example, Gentili et al. demonstrated that the electrostatic,
steric and dipolar interactions of citrate-coated AuNPs can be
modulated by controlled ligand exchange with a hydroxyl-
terminated oligo(ethylene glycol)alkanethiol (MUHEG, see
Fig. 2a for molecular structure) and exploited to achieve
reversible assembly.””> As shown in Fig. 14a, citrate-coated
AuNPs are stabilized by the prevalence of electrostatic repul-
sion. The weakly associates citrate ions to the AuNP surface
can be gradual replaced with MUHEG molecules by exploiting
the ability of thiol containing molecules to bind strongly to
the gold surfaces. The replacement of citrate ions with
MUHEG molecules leads to a decrease of electrostatic repul-
sion and an increase of steric repulsion and dipolar attractive
interaction. However, for a percentage of MUHEG molecules
on the NP surface less than 50-55% of that required for com-
plete capping, the attractive interactions exceed the repulsive
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ones, resulting in the assembly of AuNPs (Fig. 14b). The
extent of assembly is strictly correlated to the MUHEG cover-
age, but following further increases in ligand percentage the
repulsive forces return to prevail over attractive interactions
(Fig. 14a) leading to a gradual decrease in the volume of NP
assemblies up to reach the complete disassembly with a cov-
erage of 100% (Fig. 14c). As schematically shown in Fig. 14a
and b, this process can be reversed through the addition of
citrate-coated AuNPs because, exploiting the process of inter-
particle ligand exchange, a decrease of MUHEG coverage on
the NPs surface is obtained. Noteworthy, the authors demon-
strated that the AuNPs can be assembled and disassembled
cyclically 6 times with alternating MUHEG coverage between
50 and 100%. Therefore, the modulation of interparticle
interactions is driven by the extent of ligand substitution and
allows the reversible assembly of nanoparticles. On the con-
trary, the gradual replacement of citrate ions with MUHEG
molecules on the surface of silver NPs does not lead to their
assembly but, by exploiting the ability of MUHEG to form
protein resistant self-assembled monolayers, can be used to
modulate the ability of NPs to adsorb proteins and, in turn,
their biological activity.>%>72%*

3.7. Light

Among all stimulus to control the assembly process of nano-
particles, light is one of the most attractive because it is nonin-
vasive and can be applied remotely and easily modulated, as
also recently highlighted by Klajn and coworkers.”®® Although
optical trapping®®® and thermophoresis®®’*°® have been
exploited to control the assembly of NPs, this strategy is
mainly based on the functionalization of NPs with ligands con-
taining photoresponsive groups that can be reversibly photo-
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(a) Schematic illustration of stable dispersions of AUNPs coated with 100% citrate or MUHEG, on the basis of the prevailing role of electro-

static and steric repulsions. (b) Schematic illustration of the citrate-to-MUHEG exchange process and the ligand-driven chain-like AUNPs assembly,
promoted by the overcoming roles of vdW and dipolar attractive interactions. (c) AuNPs assembly parameter as a function of MUHEG coverage (the
assembly parameter is defined as the ratio between the absorbance value at 615 and 520 nm). Figure adapted from ref. 72 (copyright 2017, Wiley-

VCH).
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Fig. 15 Photoisomerization of (a) azobenzene and (b) spiropyran, and
(c) photodimerization of coumarin.

isomerized, between a conformation that favors assembly and
one that favors the disassembly of nanoparticles (Fig. 15a and
b), or photodimerized (Fig. 15c).

Azobenzene is one of the most commonly used light-
responsive functional groups as it undergoes a reversible
conformation change from the planar trans to the folded cis
isomer under ultraviolet light illumination radiation and
reverts to the trans conformation under visible light radi-
ation (Fig. 15a). For example, Grzybowski et al. reported the
light-controlled reversible self-assembly of AuNPs through
their surface functionalization with azobenzene dithiol
ligands in methanol/toluene mixtures. Low-intensity UV
irradiation causes trans-cis isomerization of dithiol mole-
cules bound onto the surfaces of NPs and leads to their
assembly into three-dimensional crystals. The authors argue
that the assembly is mediated by dipole-dipole interactions
that are established between particles since photoisomeriza-
tion to cis conformation induces molecular dipoles on the
azobenzene units. The micrometer-sized crystals are stable
only under continuous UV-irradiation and can be dis-
assembled by either thermally or upon exposure to visible
light. However, to obtain a reversible assembly of NP, the
number of azobenzene dithiol ligands adsorbed for NP and
the methanol content must be precisely controlled, other-
wise irreversible crystals are obtained.'>® The same research
group has exploited the dynamic, light-controlled assembly/
disassembly of AuNPs mediated by azobenzene thiol ligands,
instead of dithiol ligands, both to develop nanoparticle-
based inks for the fabrication of self-erasable and rewritable
materials’® and to control the catalytic activity of gold nano-
particles.’®® Exploiting the same light-induced attractive
electric dipole interactions, Shibu et al. reported the revers-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

ible assembly of thiolated azobenzene-stapled Au,s nano-
clusters'® and Klajn et al. were able to control the self-aggre-
gation of magnetic nanoparticles (Fe;0,) capped with azo-
benzene-catechol ligands,"”” as well as their assembly onto
hydrophilic silica NPs."*® Noteworthy, this strategy was also
used to achieve reversible formation of nanoflasks, i.e. the
interstitial spaces between aggregated NPs, that provide con-
fined environments in which polar molecules can be trapped
and can undergo chemical reactions with increased rates
and with stereoselectivities significantly different from those
in bulk solution. Moreover, enantioenrichment of racemic
mixtures has been obtained by exploiting the trapping
selectivity of enantioselective nanoflasks achieved through
the co-functionalization of the nanoparticles with a mixture
of a photoresponsive ligand and a non-photoresponsive
chiral thiol.**®

In sharp contrast to what was observed in the systems
described above, Samori et al. reported that AuNPs coated
with azo-biphenyl thiol ligands are well dispersed
when ligands are in their cis form, but they aggregate following
the ligand photoisomerization to the trans conformation.
However, in this case the wused azobenzene-based
ligand contains also two phenyl rings that enhance inter-
molecular p-p stacking interactions and, in turn, favor the
interparticle interdigitation of ligands in trans conformation,
thereby promoting aggregation and precipitation of the
NPs.'®

Beside azobenzene, spiropyrans are light-responsive
organic molecules that have been exploited to control the
assembly of NPs because they can be isomerized between
nonpolar, non-planar and closed spiropyran (SC) form, and
the zwitterionic, planar and open merocyanine (MC) form by
UV or visible-light irradiation (Fig. 15b). As the MC form can
readily bind metal ions, AuNPs modified with spiropyran-
terminated alkanethiols aggregate quickly and completely after
UV light irradiation followed by the addition of Cu®** ions
because of the formation of coordination bond between the
metal ions and the MC units on different NPs. The irradiation
with visible light leads to the photoisomerization to the SP
form and, in turn, to the release of chelated metal ions,
resulting in the disassembly of AuNPs.'®! Taking advantage
of the concomitant color change, from red to purple, of the
solution following the aggregation of the AuNPs, the same
authors have applied this system to construct logic gates. As
shown in Fig. 16a, an AND logic gate can be developed using
UV light irradiation and the addition of Cu®" ions as inputs,
and the color change of solutions containing spiropyran-
AuNPs as the output. The output is in state “0”, that is the
solution is red, when at least one input is absent (input state =
0). While, in presence of both inputs (input state = 1), the
AuNPs aggregate and the solution turns purple, resulting in an
output in state “1” (Fig. 16d). The status of the output can be
easily “read” either with the naked eye or by UV-vis spec-
troscopy (Fig. 16b and c). The AuNP-based AND logic gate can
be reset to the initial conditions by photoconversion of MC to
SP form by exposure to visible light and moreover, as reported
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Fig. 16 (a) Schematic representation of the spiropyran-AuNP-based resettable AND logic gate. (b) Photograph of AuNP solutions and (c) their

corresponding UV-vis absorption. (d) A truth table of the AND logic gate. Figure adapted from ref. 161 (copyright 2011, Wiley-VCH).

by the authors, the same system can be implement to develop
also different logic gates."*

Beside the ion-mediated assembly, the MC form has a large
dipole moment due to its charge-separated state that leads to
attractive intermolecular interactions without requiring the
addition of metal ions. As shown in Fig. 17, Shiraishi et al.
reported that UV-induced isomerization of SP to the highly
polar MC isomer can be exploited to induce assembly of
AuNPs modified with a thiol-terminated spiropyran dye. The
resulting aggregates, whose size can be controlled with
irradiation time, are stable and disassemble only by irradiation
with visible light."®? the stability of aggregates
strongly depends on the structure of the thiolated spiropyrans,
in fact, using a ligand in which the spiropyran moiety is separ-
ated from the NP surface by a long alkyl linker, the disassem-
bly process is rapidly accomplished removing the UV stimu-
lus.'®® Note that the functionalization of NPs with photo-
responsive groups and control of their assembly by irradiation
can be also accomplished using photoresponsive polymers

such as polymethacrylate and polymethylmethacrylate contain-
164,165

However,

ing spiropyran units.
Interestingly, Klajn et al. proposed a completely different
and fascinating approach which exploits the ability of spiropyr-

14404 | Nanoscale, 2022, 14,14385-14432

ans to modulate the solution pH with light to develop photo-
switchable medium for the light-controlled assembly of non-
photoresponsive, pH-responsive NPs. 11-Mercaptoundecanoic
acid (MUA)-functionalized AuNPs in methanol are stable at
low pH values and aggregate when the pH is increased,
because of the strong interparticle interactions resulting from
deprotonation of the ligands and, as shown on Fig. 18, follow-
ing the addition of light-switchable molecules capable of
releasing and capturing protons (spiropyran), the acidity of
the medium can be modulated reversibly with visible light
and thus control their assembly. The use of blue light mini-
mizes the photodegradation, resulting in an excellent reversi-
bility of NP assembly even after performing 100 disassembly-
assembly cycles.'®® It is noteworthy that by trapping in a poly
(ethylene glycol) (PEG) gel, the authors exploited the revers-
ible color change associated with the assembly/disassembly
process of NPs to create self-permanent images, i.e., patterns
are created by irradiation of the gel through a shadow mask
and disappear spontaneously when the light source is
removed."®®

So far, we have discussed the assembly strategies based on
photoisomerization processes, however light-induced self-
assembly of NPs can be promoted also through the interparti-

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 Schematic representation of the light-triggered reversible
aggregation/dispersion of AuNPs modified with a spiropyran dye.
Reprinted with permission from ref. 162 (copyright 2014, American
Chemical Society).

cle photodimerization of ligands. As shown in Fig. 19, cou-
marin-functionalized AuNPs can be reversibly assembled indu-
cing the interparticle photodimerization or the photocleavage

Blue light

HOOC
HOOC,

HOOC,

Assembled NPs

View Article Online
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disassembly 5 self-assembly
@ .‘ @ /
®e @
Fig. 19 Schematic representation of the light-induced reversible

assembly of AuNPs mediated by the photodimerization of coumarin
groups. Figure adapted from ref. 167 (copyright 2015, Wiley-VCH).

of the coumarin groups exposed on their surface."®” The extent

of aggregation is not directly correlated to the number of cou-
marin molecules per nanoparticles, because further increase,
compared to the optimal number of 11, favors the intraparticle
photodimerization and leads to a drastic decrease of assembly.
Noteworthy, while the assembly process requires light
irradiation at 365 nm for 72 h, the disassembly takes place
after 1 h exposure to 254 nm light, but oxidation of thiol
groups when subjected to 254 nm UV light irradiation
limits the reversibility to four assembly-disassembly cycles.
However, as recently reported, this drawback can be
overcome through the use of polymers instead of thiol-based
small molecules to decorate the surface of AuNPs with cou-

marin units.*®®

3.8. Temperature

Temperature offers a simple and effective trigger to control the
assembly of NPs, however, as in the case of triggering by light,
the introduction of a thermosensitive moiety is usually

Non-interacting NPs

Spontaneous

SP

Fig. 18 Schematic representation of light-controlled self-assembly of MUA-functionalized AuNPs in methanol that contains spiropyran molecules.
Reprinted by permission from ref. 166 (copyright 2015, Nature Publishing Group).
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Fig. 20 Schematic illustration of reversible assembly of PNIPAM func-
tionalized AuNPs following the temperature-dependent coil-to-globule
transition of PNIPAM. Reprinted with permission from ref. 169 (copyright
2004, American Chemical Society).
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needed. For example, Li et al developed thermosensitive
AuNPs through the anchoring of a temperature-responsive
polymer, i.e. poly(N-isopropylacrylamide) (PNIPAM), on their
surface.'® In particular, PNIPAM in aqueous solution under-
goes a coil-to-globule transition when temperature is increased
above its lower critical solution temperature (LCST, ~32 °C)
due to the change of polymer chains from hydrophilic to
hydrophobic behavior, resulting in a clear-opaque transition of
the solution. When temperature of PNIPAM-coated AuNPs is
increased above the LCST, the nanoparticle surface switches
from hydrophilic to hydrophobic because of intrachain col-
lapse of PNIPAM, leading to the aggregation of AuNPs in water
and the formation of an opaque suspension which does not
precipitate (Fig. 20). The transparent-to-opaque transition of
thermosensitive AuNPs is sharp and reversible following heat-
cool cycles between 35 and 25 °C.'%°

Similar to what we have discussed in the section dedicated
to the solvent induced strategies, the selective functionali-
zation of AuNRs ends with thiol-terminated PNIPAM allows
their end-to-end assembly by heating the solution above LCST.
However, in this case, the assembly process can be also photo-
thermally-driven by exploiting the ability of AuNRs of absorb
light and release energy as heat through non-radiative energy
transfer when they are irradiated at the wavelength close to the
longitudinal plasmon band.'”® Similarly, reversible assembly
of heterodimers, composed of silver (Ag) and magnetite
(Fe;04) nanoparticles,””" and AuNPs'’?> capped with PNIPAM
was achieved by exploiting the plasmonic photothermal effect
of silver and gold NPs, respectively. The aggregation tempera-
ture of linear thermosensitive polymer exhibits little depen-
dence on the structural parameters, such as molecular weight,
therefore the transition temperatures can only be modulated
in a narrow temperature range. However, this limit can be over-
come using hyperbranched thermosensitive polymers, which
showed a stronger dependence of phase transition on their
molecular weight,'”* or using copolymers containing thermo-
responsive and hydrophilic units, as their LCST can be con-
trolled through the proportion of hydrophilic units.'”*"">
Moreover, the transition temperature of thermoresponsive
polymers can be also affected by the nanoparticle size, in fact,
the decrease of the aggregation temperature of AuNPs coated
with a statistical polymer constituted by ethylene oxide and
propylene oxide groups was observed with increasing their size
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because, according to the authors, the decrease of surface cur-
vature leads to a compression of the polymer chains and, in
turn, a decrease of their hydration.'”> The same group
reported that the addition of a free copolymer, which pos-
sesses the same chemical composition as the polymer grafted
on AuNPs, allows them to control the extent of aggregation
through the copolymer-particle ratio, but at temperatures
above both the temperature of aggregation and at the critical
micellization temperature of the copolymer.'”® Similar to
AuNPs, Davis et al. reported the thermally driven aggregation
of PNIPAM-coated magnetic nanoparticles. In this case, the
copolymerization of PNIPAM with a dye-containing acrylate
monomer allows monitoring of the temperature-dependent
aggregation of the NPs through their fluorescence properties,
as the aggregation of nanoparticle above the LCST of the
polymer leads to concomitant dye aggregation and fluo-
rescence quenching. Moreover, the temperature-induced aggre-
gation of magnetite nanoparticles leads to an enhancement of
NMR relaxometric behavior, i.e. shortening of T, relaxation
times, above the LCST transition temperature of PNIPAM.""” It
is worth noting that, when temperature-responsive NPs are
prepared through the ligand exchange with temperature-
responsive polymers, the electrostatic repulsions due to the
residual pristine ligands on the surface of NPs, such as citrate
ions on AuNPs, can prevent their assembly ever at tempera-
tures above the LCST and the presence of salt in solution
becomes crucial.'”®

Similar to what happen with polymers, biopolymers exhibit
a reversible hydrophilic-hydrophobic phase transition in
response to temperature variation, which can be exploited to
develop strategies for the reversible assembly of NPs in
aqueous solution. Elastin-like polypeptides (ELPs) are ther-
mally responsive biopolymer characterized by the sequence
Val-Pro-Gly-Xaa-Gly (where Val = valine, Pro = proline, Gly =
glycine, and Xaa = any amino acid except proline) that, when
heated, undergo a transition from hydrophilic to hydrophobic
conformation following the formation of hydrogen bonds
between the valine residues. Nath and Chilkoti reported the
reversible assembly of AuNPs through their surface
functionalization with mercaptoundecanoic acid and sub-
sequent adsorption of ELP. Upon raising the temperature, the
adsorbed ELP undergoes an intramolecular hydrophilic-hydro-
phobic transition, resulting in aggregation of NPs that can be
reversed by cooling. Noteworthy, the authors reported that
AuNPs with adsorbed ELPs show greater reversibility than
AuNPs with covalently immobilized ELPs."”® Interestingly, the
ability of nanoparticles, such as AuNRs, to convert energy from
light to heat energy due to surface plasmon resonance activity,
along with the temperature-responsive properties of ELPs can
be exploited to generate optically responsive nanoparticle®®
and, moreover, Kaplan et al. reported that addition of func-
tional peptide modules, such as silk-like polypeptides, to ELPs
has a stabilizing effects on the regulation of aggregate size and
pattern.'®" The preparation of polypeptides involves genetically
encoded recombinant methods and can be nontrivial,
however, van Hest et al. reported that also AuNPs capped with

This journal is © The Royal Society of Chemistry 2022
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a single repeat unit of thiol-functionalized VPGVG peptide
show thermoresponsive properties. In this case, because of the
end-group of the VPGVG ligand bears a free carboxylic acid,
the transition temperature can be modulated by varying the
pH of the solutions. In fact, in neutral solutions the carboxylic
acid moieties are deprotonated and the AuNPs functionalized
with the VPGVG peptide show no thermal response, while low-
ering the pH they are gradually protonated and the nano-
particle surface becomes more hydrophobic, enabling their
temperature-dependent assembly."®*

The above-mentioned strategies are based on the reversible
hydrophilic-hydrophobic phase transition of the ligands
grafted onto the NPs. By varying the temperature, ligands
change their conformation and, in turn, the surface of nano-
particles undergoes a hydrophilic-hydrophobic phase tran-
sition, favoring or disfavoring the assembly. However, Yin et al.
reported that NPs can also be reversibly assembled by exploit-
ing the temperature dependence of electrostatic repulsions at
play between nanoparticles stabilized by a charged protective
shell. The decrease in temperature leads to a decrease in the
magnitude of zeta potential of negatively charged AuNPs (i.e.
bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotas-
sium salt protected AuNPs) and, thereby, their assembly. The
zeta potential can be restored by increasing the temperature,
thus reversing the assembly process. Because this strategy
relies on the modulation of electrostatic repulsions, salt con-
centration (i.e., ionic strength) plays an important role in gov-
erning assembly behavior. The assembly/disassembly process
can be performed in solution, but in presence of agarose,
which forms a hydrogel network that helps to maintaining the
stability of AuUNP assemblies against precipitation, has been
successfully repeated for 9 times.*®?

Exploiting the temperature dependence of interparticle
interactions, Macfarlane et al. reported the reversible assembly
of AuNPs coated with polystyrene chains that terminate in
molecular recognition units with complementary hydrogen-
bonding motifs, ie. diaminopyridine (DAP) and thymine
(Thy). Upon mixing, the complementary NPs rapidly assemble
and precipitate from solution but, after heating, can be com-
pletely redispersed. This process can be repeated without any
alteration of the assembly behavior through multiple heating
and cooling cycles and, interestingly, the disassembly tempera-
ture can be controlled by varying both particle diameter and
polymer length."®*

3.9. Electric and magnetic fields

The electric field, although a noninvasive stimulus that can be
easily modulated, has been little explored as a means to
control the process of NP assembly. As discussed below, the
electric field has primarily been exploited to reversibly assem-
ble NPs at the liquid-liquid interface, however Orme et al
reported that it can also be used at the liquid-solid interface.
In their work, the authors show that aggregation and super-
lattice formation of AgNPs capped with 1-dodecanethiol can be
driven by applying a voltage between two parallel single-sided
gold coated p-type silicon wafer electrodes.'®® Above a

This journal is © The Royal Society of Chemistry 2022
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threshold field strength, charged NPs migrate toward the
oppositely charged electrode and then accumulate near the
electrode, creating a concentration gradient that decays from
the electrode surface to bulk solution. In neat toluene solu-
tion, AgNPs form highly ordered colloidal crystals on the
cathode (see SEM images in Fig. 21) whose lattice constants
and degree of preferential orientation can be controlled by
tuning the electric field strength, but by adding tetraoctylam-
monium bromide (TOAB) the charge of AgNPs is reversed and,
therefore, the colloidal crystals are formed on the anode.
Turning off the electric field terminates the AgNPs flow toward
the electrode, which decreases the nanocrystal concentration
and dissolves the superlattices.

The reversibly assembly of charged NPs by controlling the
electric field can occur at the liquid-liquid interface between
immiscible electrolyte solutions, similar to what we have dis-
cussed in the section dedicated to the solvent induced strat-
egies. As schematically reported in Fig. 22, in an electro-
chemical cell, negatively charged NPs dispersed in water can
be pushed and assembled at the liquid-liquid interface
through the negative polarization of the aqueous phase relative
to the organic phase and, as the electrostatic repulsion pre-
vents the irreversible aggregation, disassembled changing the
polarity of the applied potential. For example, gold and silver
NPs, and core-shell gold-silver NPs have been reversibly
assembled at the interface between water and 1,2-dichlor-
oethane or 1,2-dichlorobenzene by controlling the Galvani
potential difference applied between the two liquid
phases.'®*"'%8 The assembly of metal NPs at the liquid-liquid

Fig. 21 (a) SEM image of AgNPs superlattices formed on the cathode at
400 V cm™, showing faceted colloidal crystals. SEM images of AgNPs
colloidal crystals with (b) triangular prism and (c) truncated triangular
prism shapes. (d) High-resolution SEM image showing the preferential
orientation of superlattices and a grain boundary highlighted with white
dashed lines. Reprinted with permission from ref. 185 (copyright 2017,
American Chemical Society).
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Fig. 22 Schematic representation of the assembly (left) and disassembly (right) processes at the LLI of negatively charged NPs as a function of the
polarity of the applied potential drop across the interface. Reprinted by permission from ref. 189 (copyright 2017, Nature Publishing Group).

interface leads to the formation of reflective films that find
application as surface enhanced Raman scattering (SERS)
substrates'®®*%° and, taking advantage from the interparticle
coupling of the surface plasmon resonance, as liquid
mirrors.>'® Montelongo et al. recently reported an electrically
switchable liquid mirror-window based on voltage-controlled
self-assembly/disassembly of negative-charge functionalized
AuNPs at the interface between two immiscible electrolyte
solutions, ie. at the interface between water and 1,2-dichlor-
oethane containing NaCl and tetrabutylammonium tetra-
phenylborate, respectively.'®® The interparticle distances at the
liquid-liquid interface (LLI) is controlled by varying the poten-
tial drop across the interface, thus allowing to modulate the
density of the NPs at the interface and, in turn, the reflectivity
of the NP array.

Magnetic forces provide an effective and selective stimulus
for the manipulation of NPs that can be initiated instantly and
easily modulated and, unlike the others, their effect is due to
the direct, or indirect, interactions of the magnetic field with
the NPs regardless to the ligands on their surface. A key
strength of magnetic field-assembly is the reversibility of the
interactions, which leads to a rapid return to the disordered
state when the field is removed.’**®*"" Magnetic field has
been successful applied to the manipulation and assembly of
magnetic and non-magnetic colloidal particles, also taking
advantage of ferrofluids,”*>>'* as well as the assembly of soft
materials, such as cyclodextrin vesicles (CDV), by incorporating

14408 | Nanoscale, 2022, 14, 14385-14432

magnetic NPs,>"> and to the magnetic separation. In particu-

lar, Colvin et al. reported that the magnetic separation of mag-
netite (Fe;0,) NPs from a solution can be accomplished at very
low magnetic field gradients thanks to their aggregation,
which is due to the high field gradients at the NP surfaces.'”°
This aggregation is reversible for NPs whose size is below the
critical value at which superparamagnetic behavior emerges,
but, on the other hand, the decrease of the NP size requires an
increase of the field to ensure the complete separation.
Moreover, this size dependence of magnetic separation
permits to separate different populations of Fe;O, NPs by the
application of different magnetic fields. The high efficiency of
recovery of superparamagnetic NPs by magnetic separation
can be exploited for the arsenic removal from water,'® as well
as for the immobilization, recovery and reuse of organic and
inorganic catalysts.**®*'® Noteworthy, catalysts recovered by
magnetic decantation proved to be reusable for several cycles
while retaining high activity and selectivity profiles.>'®>'°
Beside the magnetic separation, magnetic fields can be
used to guide and control the assembly of superparamagnetic
NPs to develop responsive photonic nanostructures.”*® Yin
et al. reported that clusters of Fe;0, NPs, which are composed
of superparamagnetic crystallites, can be assembled to form
colloidal photonic crystals whose interparticle distance can be
tuned by varying the strength of magnetic field to manipulate
the distance between the magnet and the sample.
Consequently, as shown in Fig. 23, the maximum of the reflec-

This journal is © The Royal Society of Chemistry 2022
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Fig. 23 (Top) Photographs of colloidal crystals formed in response to
an external magnetic field; the magnet—sample distance decreases
gradually from right to left. (Bottom) Dependence of the reflection
spectra at normal incidence of the colloidal crystals on the distance of
the sample from the magnet. Diffraction peaks blue-shift (from right to
left) as the distance decreases from 3.7 to 2.0 cm with step size of
0.1 cm. The average diameter of the clusters of FezO, in this sample is
120 nm. Figure adapted from ref. 191 (copyright 2007, Wiley-VCH).

tion spectra of the colloidal photonic crystals moves reversibly
across the entire visible spectral region in response to the
applied magnetic field."”""'*> Noteworthy, using ferrofluids,
magnetic fields as the external stimulus can also be employed
to assemble nonmagnetic NPs into photonic crystals."®?

Interestingly, the integration of magnetic NPs with bio-
molecules can provide an effective means to increase the com-
plexity of achievable NP assemblies through the control of
external magnetic field. For example, Sim et al. have entrapped
magnetic NPs into a chaperonin GroEL mutant, which bears
merocyanine (MC) units at its apical domains, and the result-
ing inclusion complexes were assembled into 1D nanotubes,
exploiting the formation of coordination bond between the
MC units and Mg”". These nanotubes can be magnetically
assembled laterally to form bundles then disassemble when
the applied magnetic field is turned off."**

4. Computational simulations

Self-assembly of nanoparticles is governed by many competing
interactions. However, relatively little is known about the time-
dependent mechanisms and energetics involved through
which these interactions enable and guide the nanoparticle
(reversible) self-assembly process. As we have outlined in a pre-
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vious section, different theoretical formalisms tentatively try to
describe the whole process of NPs self-assembly by breaking
down the role of the individual contribution to the total inter-
action potential that is at play. However, despite the impor-
tance of this flourishing field and the wealth of experimental
and theoretical studies dedicated to NP assembly, a detailed
comprehension of all the forces at play is yet to be thoroughly
achieved.

In this regard, in the last decades several advances have
been made in computational modelling to help and comp-
lement the theoretical prediction as well as our comprehen-
sion over the structural and energetics involved in the assem-
bly of objects (colloidal or nanoparticles) with the aim to
describe the mechanisms observed in experiments (Fig. 24).>?
Computer simulations offer a unique approach to identify and
separate individual contributions to the NPs self-assembly
process.

As summarized in Scheme 3 and Table 3, the following
section will cover the application of different computational
modelling schemes that address different time and size scales
(Fig. 25a) based on a different degree of accuracy and applica-
bility (Fig. 25b) for nanoparticle-based systems.>*?**

We will cover both studies that tentatively target the assess-
ment of the singular factor and interaction between particles
as well as the dynamical mechanisms involved in the whole
self-assembly process.

The first section will review the application of, mostly,
density functional theory (DFT) and first-principles-based com-
putational modelling where the electronic-ground-state total
energy of a system is expressed as a functional of the ground-
state charge density. We also consider here the application of
the so-called first-principles (or ab initio) molecular dynamics
(FPMD) scheme where DFT is combined with MD in order to
follow the temporal evolution of atoms dynamics at the
ground-state level of electronic structure. In the second part,
atomistic simulations based whether on classical molecular
dynamics (MD) or coarse-grained modelling, that allow to
reach size and time scales beyond DFT and FPMD, will be
reviewed. A few examples where hybrid quantum-mechanics
(QM)/molecular-mechanics (MM) method (referenced as QM/
MM) method is applied to the study of NPs, NPs/ligand, NPs
assembly are also presented.

In the last part, we will cover how machine learning-based
approaches (ML) can help the study of NPs-based systems and
their assembly process. In particular, a great focus will be
given to the use of ML in the development of hybrid machine
learning/molecular mechanics (ML/MM) methods that will
help to approach substantially larger systems and longer time
scales than currently accessible with state-of-the-art methods.

4.1. First-principles methods

Nowadays, various aspects related to the chemistry and physics
of ligand-protected nanoparticles and their assembly are
studied using quantum mechanical methods. Most quantum
mechanical studies on nanoclusters and nanoparticles employ
density functional theory (DFT) and first-principles molecular

Nanoscale, 2022, 14,14385-14432 | 14409
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dynamics (FPMD),>”°*%! while few works reported in this
review have also been performed with so-called time-depen-
dent DFT, as an extension of ground-state DFT method that
allows for calculations of excited state properties as well. In
addition to these techniques, enhanced sampling methods
(such as metadynamics®®**** and blue moon schemes®®*) are
also usually employed to improve the sampling efficiency of
FPMD simulations and explore the free energy landscape of
reactive paths. Within the FPMD scheme, dynamical simu-
lations using quantum-mechanical forces are however limited

14410 | Nanoscale, 2022, 14,14385-14432
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dressed by the different computational schemes considered in the present

to rather short time scales, on the order of 100 ps. In this time
scale, breaking and forming of chemical bonds, as well as
structural transformation of small nanoparticles can be tar-
geted. Within DFT, exchange correlation functionals that
utilize the local density approximation (LDA) or the general-
ized gradient approximation (GGA) are the most common,
even though the use of meta-GGA, hybrid and novel func-
tionals formulations is growing. Although highly computation-
ally expensive, nowadays ligand-protected NP made of a few
hundred atoms can be modelled by these techniques.

This journal is © The Royal Society of Chemistry 2022
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Table 3 Computational methods employed to study the structure, dynamics, energetics and properties of the whole NPs assembly process or rele-

vant mechanisms that interest sub-parts of it

Computational
method Object of the study Property/approach Particle type Ref.
DFT, FPMD Ligand/NP interaction and organization Vibrational, noncovalent forces, binding Au NPs, Co 222-229
energy, reactive paths, electronic and NPs, Fe NPs
magnetic
NPs welding process Density profiles, dynamics Au NPs, Ag,S 230
NPs
Ligand thermal stability Dynamic stability Au NPs 231-233
c¢MD, CGMD NPs self-assembly process Dynamics, geometry, interaction energy Au NPs, Ag NPs ~ 234-239
profiles, PMF
NPs self-assembly process, ligand SAM Molecular environment, hydrophobic Au NPs Au NCs, 113 and
organization interactions, SOAP, interparticle spacing, PMF Au NRs, PbS 240-249
NPs, Cd NPs
NPs agglomeration and packing, NPs/ligand ~ Molecular interaction, dynamics, PMF Au NPs 250-253
interaction, solvent effects
NPs/ligand interaction, NPs/protein Molecular interaction, dynamics, PMF Au NPs 248 and
interaction 254-256
QM/MM NPs/ligand interaction, ligand surface Electronic structure, HDO reaction path, Pd NPs, Au 257-268
orientation, surface reactivity, surface dynamic stability, ligand adsorption free NPs, TiO, NPs,
catalysis, NPs/protein interaction, self- energies, surface ligands patterning, POM* NPs
assembly process, ligand conformational electrostatic interactions, nanoaggregates
analysis stability, PMF
ML NPs shapes, phase diagram MLP, NN, GAP, SOAP, polynomial kernels AuNPs, CuNPs 249 and
269-272
NPs self-assembly, particles aggreagation Landscape engineering Generic NPs 273-276
Data analytics for NPs Pattern recognition Generic NPs 277
NPs assembly Phase transition dynamics Generic NPs, 278
generic NRs
“Polyoxometalates.
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Fig. 25 A bird's-eye view of computational methods applied to materials science and nanoparticles-based system. (a) System size vs. time scales
and relevant simulation methods from molecules to self-assembled nanostructures. Reprinted by permission from ref. 221 (copyright 2021, Nature
Publishing Group). (b) Computational methods based on different levels of theory provide different accuracies. Reprinted by permission from ref. 33
(copyright 2021, Nature Publishing Group). Acronym definitions: QC, quantum-chemical; DFT, density functional theory; MM, molecular mechanics;

MD, molecular dynamics and CG, coarse-grained.

However, most of the works on this topic have been mainly
dedicated to precise relevant interactions and the energetics
involved within a sub-space of the whole assembly process,
such as structural and conformational optimization of an
individual ligand molecule or in a simplified model of a SAM
and NP-ligand interactions. Although the majority of these
first-principles studies do not focus entirely on the NPs
assembly or its reversibility aspects, they offer crucial insights

This journal is © The Royal Society of Chemistry 2022

into the accurate assessment of the interactions at play
between the individual components of the objects (for
instance, NP-ligand, ligand-ligand or molecular clusters)
involved in the context of NP assembly. Furthermore, this
quantum-mechanical information is often directly used to
build upon the empirical or semiempirical potentials
employed in larger-scale computational methods such as ato-
mistic or coarse-grained molecular dynamics (nowadays, the
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methods mostly used to study NPs (reversible) assembly).
Typically, FPMD cover size scale up to few NP nm?” (in terms
of NP surface area) and tens/hundreds of picoseconds time
scales. Employing DFT and FPMD can be assessed the role of
several relevant factors, such as NP surface-ligand binding
energy, ligand conformation/geometry, ligand monolayer
thickness, ligand orientation and surface packing density.
Many different DFT methodological schemes have been
tested in this context. Early applications of DFT in this scen-
ario were aimed at the proper computation and description of
the chemical interaction at play between an organic ligand
and the surface of the whole nanoobject (nanocluster).
Extensive benchmarks of exchange-correlation functionals
on real X-ray resolved ligand-protected nanoclusters have
been reported by Muniz-Miranda and coworkers.?*> This
work represents one of the first application of DFT-based cal-
culations to untangle the role of ligand-nanocluster inter-
actions on the structural and optical properties of the whole
nanoobject. Time-dependent DFT has been used to compare
calculations with experimental data on optical gaps of two
undecagold and one Au,,'-based nanoclusters stabilized by
thiol and phosphine ligands. It has been observed that GGA
functionals employing PBE-like correlation®®®> coupled with a
proper pseudopotential and basis set provide accurate results
for both the structure and optical gap of gold nanoclusters, at
a reasonable computational cost. Good geometries have been
also obtained using some global hybrid and range-separated
hybrid (e.g., HSE06 *®®) functionals making use of PBE-like
correlation, even though they yield optical gaps overestimat-
ing the experimental findings up to 0.5 eV. It has been found
that the organic ligands lead to an energy increase of the
eigenstates of the metal cores, but do not alter significantly
the energy separation between the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) states, nor the optical gaps. This means that
the simplified models employed are indeed suitable choices
to perform a wider number of tests, and also suggests that
the low energy region of the electronic spectrum is probably
only slightly affected by the organic coating. This work pre-
sented the first step towards full DFT simulations of struc-
tural, optoelectronic, and spectroscopic properties of realistic
organic-noble metal nanoparticles of technological interest.
More recently, Muniz-Miranda et al. targeted, with a similar
approach, the adsorption of xanthine, a nucleobase presents
in human tissue and fluids that is involved in important
metabolic processes, on citrate-reduced gold NPs together
with a set of experimental analysis (absorption, SERS and
XPS). It was found that the citrate anions stabilize the col-
loidal suspensions by strongly binding the gold NP. However,
these anions do not impair the adsorption of xanthine on
positively-charged active sites present on the metal surface.
These authors reported that the addition of chloride ions to
the Au/xanthine colloid induces the aggregation of the gold
NP, whose plasmonic band is shifted to the near infrared
region where there is the exciting laser line of the FT-Raman
instrument. In this case, the TDDFT calculations were instru-
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mental to the correct assignment and interpretation of the
observed SERS bands.?*®

Nonappa et al.,, by employing DFT calculations studied
capsid-like colloidal self-assembled materials based on NPs as
driven by ligand-driven hydrogen bonding. In this case DFT
calculations were instrumental to untangle the mechanism of
reversible supra-colloidal hydrogen bond-driven self-assembly
of cobalt nano-particles. In particular, the role of hydrogen
bonding in capsid formation, binding energy, diffusion barrier
for ligand rearrangements, and magnetic moments of a model
spherical cluster was interpreted based on DFT calculations,
which finally suggested a facile ligand rearrangement around
NP surface.***

The geometry of the organic ligands on colloidal NPs is
central for understanding the self-assembly behavior and
many properties of NP-based matters. Zhang et al. have shown
that NPs capped with 3-mercaptopropionic acid (MPA) serve as
a convenient model to elucidate the effect of surface ligand
geometry on collective noncovalent forces at play in highly con-
centrated NPs. Contrary to expectations, MPA was found to
form surface layers with different thicknesses varying from
monolayer to multilayers depending on the ratio of isopro-
panol to the as-made NP dispersions in the purification. In
this case, DFT simulations and solution-state nuclear mag-
netic resonance (NMR) uncovered that the monolayer includes
strongly coordinated ligands and adsorbed ligands interacting
with the NP surface non-covalently. Increased density of the
non-covalently attached ligands results in a multilayered
ligand shell. These observations enabled a better understand-
ing of the complexity of water-soluble NP dispersions and col-
lective non-covalent forces of supramolecular NPs.?*

To explore structural interaction at the interface between
gold surfaces and a hydroxyl-terminated alkanethiol, Roy et al.
have employed a combined computational and experimental
approach. DFT and FPMD calculations were carried out on the
thiol-gold interface using both the PBE and a van der Waals
density functionals. FPMD simulations revealed that the inter-
face consists of four different distinguished phases, each with
different ligand orientations. The computed molecular para-
meters including tilt angles and the thickness of SAMs agreed
with the XPS and ellipsometry results. The stability of the
different phases was found to be primarily governed by hydro-
gen bonding arising from the terminal hydroxyl groups
(Fig. 26). This work demonstrated that the combination of
DFT/FPMD simulations with XPS and ellipsometry experi-
mental data is a viable way to assess the role of the organiz-
ation and orientation of organic ligands on the interaction at
the interface between gold surfaces.>*

Huang et al.,, by means of FPMD simulations, report a
welding phenomenon occurred directly between as-syn-
thesized dispersions of single-component Au and chalcogen-
ide NPs, leading to asymmetric formation Au-chalcogenide
hybrid NPs (HNPs).>* The welding of dissimilar NPs in dis-
persion was found to be mainly driven by the ligand desorp-
tion-induced conformal contact between NPs and the
diffusion of Au into chalcogenide NPs. The welding process

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr02640f

Open Access Article. Published on 26 September 2022. Downloaded on 11/24/2025 7:07:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Fig. 26

View Article Online

Review

(a)

- Total Total
o2 oz
cp cp

(© o
oz
c2p

'

EEdev)

© K )
f |

g < O T
Binding Energy (eV)

PDOS

Corrected PDOS

EEer)

XPS@188eV

Normalized Intensity

* Binding Energy (V)

(a) Snapshots of different orientations obtained from a 16 ps FPMD simulation of hydroxyl-terminated alkanethiol over a gold surface (top

view). The red dotted line represents the hydrogen bonding between two adjacent —OH groups of the ligand. For clarity, the hydrogen atoms are
not shown with the exception of hydrogens of —OH functional group. (b) DFT computed FPMD averaged density of states of the valence band and
experimental XPS spectra at two different X-ray energies. Reproduced from ref. 226 (copyright 2019, Royal Society of Chemistry).

can occur between NPs with distinct shapes or different
capping agents or in different solvent media.*** A two-step
assembly-welding mechanism was proposed for this process,
based on FPMD simulation and in situ electron spin resonance
measurements. The understanding of NP welding in dis-
persion may lead to the development of unconventional syn-
thetic tools to promote NPs assembly through oriented or non-
oriented attachment with the possibility to fabricate hybrid
nanostructures for diverse applications.**°

As mentioned before, nanoclusters, stabilized and func-
tionalized by organic ligands, are nanomaterials with poten-
tial applications in plasmonics, nano-electronics, bio-
imaging, nanocatalysis, and as therapeutic agents or drug
carriers in nanomedicine. The organic ligand layer has an
important role in modifying the physico-chemical properties
of the clusters and in defining the interactions between the
clusters and the environment. While this role is well recog-
nized from plenty of experimental studies, there is very little
theoretical information on dynamical processes within the
layer itself. Hidkkinen et al. have performed extensive MD
simulations, with forces calculated from the DFT, to investi-
gate thermal stability and dynamics of the ligand layer of the
meta-mercaptobenzoic acid (m-MBA) protected Augg and
Au, 44 nanoclusters, which are the first two gold nanoclusters
structurally solved to atomic precision by electron
microscopy.>*"?*?

Hiakkinen et al. visualize and analyze dynamics of three dis-
tinct non-covalent interactions, viz., ligand-ligand hydrogen
bonding, metal-ligand O—C-OH---Au interaction, and metal-
ligand Ph(rn)---Au interaction. They discuss their relevance for
defining, at the same time, the dynamic stability and reactivity
of the cluster. These interactions promote the possibility of
ligand addition reactions for bio-functionalization or allow the
protected cluster to act as a catalyst where active sites are dyna-
mically accessible inside the ligand layer.”*’

This journal is © The Royal Society of Chemistry 2022

Covalent binding of carboxylic acids to metal NPs can
induce biocompatibility, whilst also preventing the formation
of surface oxides which reduce the magnetic properties of
cobalt. Understanding the origin of the acid-metal interaction
is key, yet probably the most experimentally challenging step,
for the rational design of such entities. Ozdamar et al., by
means of FPMD and enhanced sampling techniques such as
Blue Moon (BM) scheme, unveiled the role of the nature of the
initial transition metal (Co, Fe) stearates precursors and their
interaction with the local environment during the first stages
of formation of NPs. These authors have shown that the pres-
ence of water and the nature of the molecular precursor have a
direct effect on the physical and chemical properties of metal-
lic NPs and deeply influence their composition and
morphology.”*”**® With a similar approach, the same authors
showed how FPMD is found instrumental in quantitatively
assessing the strength of the chemical interactions (e.g
H-bonding) that can be at play when simple or complex car-
boxylic-based ligands interact with metal or metal hydroxides
surfaces.”*®*%” Farka$ et al. employed FPMD metadynamics
simulations to establish a 57-atom Co cluster that is the smal-
lest model able to reproduce the adsorption behaviour of car-
boxylic acids, and to obtain the structure and the free energy
landscape for its interaction with valeric acid. The simulations
have shown that a bridging bidentate binding mode has a
stronger affinity and energetically higher transition barriers
compared to monodentate binding (Fig. 27). A chelate inter-
action mode of two carboxyl oxygen atoms can be formed as
an intermediate. These results clarify the organic-inorganic
interactions in the cobalt-acid system, providing a basis for
the rational design of biocompatible metallic NPs.>*’

4.2. Classical and coarse-grained molecular dynamics

Atomistic modelling techniques such as classical and coarse
grain molecular dynamics (cMD and CGMD, respectively) are
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Fig. 27 Representative structures sampled during metadynamics simulations (top). Changes in the coordination numbers CN (middle), and Co-O
bond distances dCo-O (bottom) throughout the metadynamics trajectory. Reproduced from ref. 229 (copyright 2020, Royal Society of Chemistry).

principally used to target the whole self-assembly process or
relevant mechanisms that interest a sub-part. These methods
are based on following the motion of a collection of particles
and molecules (from thousands to millions of atoms systems)
through time and space by numerically integrating Newton’s
equations of motions (cMD: nm” (in terms of NP surface area)
and nanoseconds; CGMD: nm” and sub-um?, microseconds).
In order to progress the simulation in time, the potential
energy for the entire system is expressed as the sum of a series
of intra- and inter-actions between its components (atoms,
molecules and particles).”**>°° Different forms and types of
potentials are selected to describe the interactions between the
various components with different degrees of approximations
as a function of the complexity to properly assess the chemical
interaction involved. Among others, the role of the following
factors has been targeted by cMD and CGMD simulations up
to now: the role of organic linkers, NPs shape, solvation forces,
counter ions and NPs localization, surface packing density,
particle size and ligand shell structure/textures and the role of
solvent-mediated effective interactions.

c¢MD and CGMD represent two of the most exploited simu-
lation techniques employed to model processes relevant to
NPs assembly. Typically, the former MD scheme is based on
the representation of the whole system down to the atomic-
scale to the individual atoms forming the NP and the sur-
rounding local environment such as organic ligands and sol-
vents molecules, while in the latter MD scheme often beads
identify groups of atoms to simplify the molecular features at
the cost of losing atomic-scale details but gaining in compu-
tational performance in terms of larger size or time scales to

14414 | Nanoscale, 2022, 14, 14385-14432

be accessible. The work of Lin et al. can be taken as an archety-
pical example of the capability and potential of MD simu-
lations in this context. Through MD simulations in combi-
nation with in situ liquid cell transmission electron
microscopy (TEM), Lin et al. disentangled the stepwise self-
assembly of surfactant-coated and hydrated GNPs into linear
chains or branched networks (Fig. 28a and b). This work
allowed assessing the role of organic linker molecules, such as
ethylenediammonium, in facilitating NP binding by promoting
hydrogen bonds with surfactant molecules of neighbouring
NPs. The observed spacing between bound neighbouring NPs,
~15 A, matches the combined length of two surfactants and
one linker molecule. MD simulations revealed that for lower
concentrations of linkers, NPs with charged surfactants cannot
be fully neutralized by strongly binding divalent linkers, so
that NPs carry higher effective charges and tend to form
chains, due to poor screening. The highly polar NP surfaces
polarize and partly immobilize nearby water molecules, which
promotes NPs binding (Fig. 28c and d).>**

Tan et al, by employing MD simulations combined with
in situ TEM imaging, reported that the forces governing the
self-assembly of hydrophobic NPs change with the NP shapes.
By comparing how gold nanospheres, nanocubes, nanorods,
and nanobipyramids assemble, it is revealed that the strength
of the hydrophobic interactions depends on the overlap of the
hydrophobic regions of the interacting NP surfaces determined
by the nanoparticle shapes. This work revealed that, in con-
trast to spherical NP, where vdW forces play a crucial role,
hydrophobic interactions can be more relevant for nanocubes
with flat side faces, where these interactions promoted an

This journal is © The Royal Society of Chemistry 2022
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(a) Schematic of a gold NP chain assembly. Linker (ethylenediammonium) connects the surfactant (citrate) molecules of the adjacent gold

NPs by forming hydrogen bonds between —NH3z* of ethylenediammonium and —COO- of citrate. (b) Time series of in situ TEM images shows the
growth dynamics of a gold NP chain. (c) Attachment of NP (3) to a pair of NPs (1 and 2) along 10 ns by means of classical MD simulation, when NP
(3) is initially placed (center-to-center distance) at 6.2 nm from NP with only ethylenediammonium linkers as counterions. (d) Time MD dynamics of
three selected water molecules (shown in cyan) between two NPs separated by ~1 nm. During 300 ps long simulations, selected water molecules
stay within 1 nm from each other. Adapted with permission from ref. 234 (copyright 2016, American Chemical Society).

oriented attachment between the nanocubes.**’ Welch et al.
employed steered MD simulations combined with in situ
liquid cell TEM and imaging to demonstrate that the experi-
mentally observed preference for end-to-end attachment of
nanorods is a result of weaker solvation forces occurring at rod
ends. MD reveals that when the side of a nanorod approaches
another rod, a perturbation in the surface-bound water at the
nanorod surface creates significant energy barriers to the
attachment. Additionally, rod morphology (i.e., facet shape)
effects can explain the majority of the side attachment effects
that are observed experimentally.”*® Bera et al. have shown
that the transport of NPs in a biphasic system (water/organic
solvent) is accompanied by counter ions condensation onto
the portion of the charged NPs exposed to the organic phase,
which shields the NP charge from the low permittivity phase
(Fig. 29). MD simulations show that NPs form a nearly close-
packed 2D array on the organic side of the interface, the
spacing of which can be tuned by varying the voltage. The tun-
ability occurs because the voltage alters the interfacial distri-
bution of supporting electrolytes, which mediate the inter-
actions between NPs. The MD simulations also reveal that the
sharing of condensed counter ions contributes to the coupling
between neighbouring NPs.>*® Self-assembly of nanocrystals

This journal is © The Royal Society of Chemistry 2022

into functional materials requires precise control over NP
interactions in solution that are dominated by organic ligands
that densely cover the surface of nanocrystals. Bian et al., by
combining CGMD simulations with a set of experimental tech-
niques, recently demonstrated that small charged molecules
can effectively induce attractive interactions between oppo-
sitely charged NPs in water."*> With such an approach, transi-
ent NPs assemblies can be generated using positively charged
NPs and multiply charged anions. In this work, CGMD allowed
to model the anion-mediated self-assembly of positively
charged NPs on a large scale. In particular, CGMD simulations
of two TMA-coated Au NPs neutralized by different anions
(Cl, HPO,>” or citrate) showed that only citrates had the
ability to bring the particles to assemble together during the
CGMD runs timescale, despite the fact that all anions exhibi-
ted a strong affinity to the NPs. By combining the CGMD find-
ings with machine learning (ML-SOAP), Bian et al. have been
able to study the variability of the arrangement of citrates in
the NPs assemblies. The analysis, based on the use of SOAP
descriptors, of the molecular environment that surrounded
each citrate in the CGMD model, allowed the classification of
different citrates based on differences in the local environ-
ment: (i) citrates located at the interface between the two NPs,

Nanoscale, 2022, 14, 14385-14432 | 14415
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(a) Cartoon of Au NPs transport facilitated by counterion condensation in an organic phase and formation of voltage tunable 2D array

assembly. (b) Two NPs in the simulation cell forming a stable assembly pair at t = 68 ns. (c) Time sequence snapshots taken from a 213 ns MD simu-
lation that shows the submersion of a NP from an aqueous (top) to an organic (bottom) electrolyte phase accompanied by the exchange of loosely
bound Cl™ ions (blue) in the aqueous phase for condensed organic TPFB™ ions (red) in the organic phase. Adapted with permission from ref. 236

(copyright 2014, American Chemical Society).

(ii) citrates that interact with a single NP and (iii) an intermedi-
ate state between the first two. The movement and reshuffling
of citrates between the three clusters during the CGMD
revealed the dynamics between these states. These results
demonstrated the internal dynamics of the system, in which
the citrates at the interface between two bound NPs are less
dynamic (but not completely static) than those bound to the
surface of a single NP. These results support the hypothesis
that the facile diffusion of oligoanions between charged NPs
might facilitate the controlled transformation of the initial,
mostly amorphous, aggregates into regular, crystalline assem-
blies.'** Furthermore, recent experiments have demonstrated
that small truncated-octahedral nanocrystals can self-assemble
into a range of superstructures with different translational and
orientational order of nanocrystals. In this context, Fan et al.
employed MD simulations to study the self-assembly of these
nanocrystals over a broad range of ligand lengths and solvent
conditions with the aim to bring light on the origin of this
structural diversity. The proposed model, which is based on a
coarse-grained MD description of ligands and solvent effects,
reproduces the experimentally observed superstructures,
including recently observed superlattices with partial and
short-ranged orientational alignment of nanocrystals. It is
shown that small differences in nanoparticle shape, ligand
length and coverage, and solvent conditions can lead to mark-
edly different self-assembled superstructures due to subtle
changes in the free energetics of ligand interactions.>*”

The localized deformation of molecular monolayers con-
strained between the spherical surfaces of Au NPs can be
studied by MD simulations. Copie et al. found that shorter
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ligands can be more densely packed on the surface, but do not
interdigitate upon compression. They respond to the applied
force by bending and twisting, thus changing their confor-
mation while remaining disjointed. On the other hand, longer
ligands attain lower surface densities and can interpenetrate
when the NPs are compressed against each other. Such mole-
cules remain rather straight and benefit from the increased
overlap, to maximize the adhesion by dispersion forces. The
mechanical properties (Young’s and shear moduli) of the
dense nanostructure, composed of a triangular arrangement of
identical MUDA-decorated Au NPs, are found to be smaller
than estimates indirectly deduced by atomic-force experiments
but quite close to previous computer simulations of molecular
monolayers on flat surfaces and of bulk nanoparticle assem-
blies.>*' Nowadays, classical MD is routinely applied to assess
the structure, conformational organization and bonding of
monolayer-protected NPs functionalized with novel synthetic
organic ligands. cMD simulations can be particularly ben-
eficial to complement experimental data based on XPS and
ellipsometry measurements about the thickness of a SAM pro-
tecting NPs. ¢cMD simulations can also give access to further
details such as the localization of specific functional groups
with respect to the NPs surface as well as the degree of exten-
sion of the H-bonding network promoted by ligand-bearing
amide groups.>** Kister et al. found that the agglomeration of
apolar particles is dominated by either the core or the ligand
shell depending on the particle size and materials. In this
case, MD simulations, are used to characterize the interaction
between hexadecanethiol passivated gold NPs in decane
solvent. For smaller particles, the agglomeration temperature
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and interparticle spacing are found to be determined by order-
ing of the ligand shell into bundles of aligned ligands that
attract one another and interlock. In contrast, the agglomera-
tion of larger particles is driven by vdW attraction between the
gold cores, which eventually becomes strong enough to com-
press the ligand shell. Their results provide a microscopic
description of the forces that determine the colloidal stability
of apolar nanoparticles and explain why classical colloid
theory fails.>®® Waltmann et al. have reported a detailed ana-
lysis of the interaction between two nanocrystals capped with
ligands consisting of hydrocarbon chains. They found that the
bonding of two nanocrystals is characterized by ligand textures
in the form of vortices (Fig. 30). These results are generalized
to nanocrystals of different types (differing core and ligand
sizes) where the structure of the vortices depends on the soft-
ness asymmetry. They provide rigorous calculations for the
binding free energy, show that these energies are independent
of the chemical composition of the cores, and derive analytical
formulas for the equilibrium separation. Overall, these results
show that the structure of the ligands completely determines
the bonding of nanocrystals, fully supporting the predictions
of the recently proposed orbifold topological model.>**

Yadav et al. found that the extent to which solvent-mediated
effective interactions between NPs can be predicted based on
structure and associated thermodynamic estimators for bulk
solvents and for solvation of single and pairs of NPs. They
report on the possibilities of using structural estimators of
various thermodynamic quantities to analyse the complex
interplay of ligand fluctuations and solvent quality in self-
assembly as well as to design solvation environments.**?
Landman et al. reported on the simulations of assemblies
made of crystalline gold nanoclusters of variable sizes, passi-
vated by monolayers of alkyl-thiol molecules. They proposed
an analytic optimal packing model that correlates several
structural characteristics of three-dimensional super lattice
assemblies in a unified manner. The model successfully
organizes and systematizes a large amount of experimental
and simulation data, and it predicts the phase-boundary
between different super lattice structural motifs that evolve as

a) hedgehog b)

Auyy(SCq)g2 Surface Projections

View Article Online
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a function of the ratio between the chain-length of the
extended passivating molecules and the radius of the under-
lying gold nanocluster. The entropic contribution to the for-
mation free energy of the super lattice assembly is found to be
large and of similar magnitude as the potential energy com-
ponent of the free energy. The major contribution to the cohe-
sive potential energy of the super lattice is shown to originate
from van der Waals interactions between molecules that passi-
vate neighboring nanoclusters.>>?

Cooper et al. examine how changes in the ligand surface
coverage and facet dimensions affect the ordering of ligands,
the arrangement of nearby solvent molecules, and the inter-
action between ligand monolayers on different particles.
Depending on the facet dimensions and surface coverage, they
observe three distinct ordered states that differ in how the
ligands are packed together, and which affect the thickness of
the ligand shell and the structure of the ligand-solvent inter-
face. The temperature dependence of the order-disorder tran-
sition also broadens and shifts to lower temperature in a non-
linear manner as the nanoscale is approached from above.
They found that ligands on nanoscale facets can behave very
similarly to those on macroscopic surfaces in solution, and
that some facet dimensions affect the ligand alignment more
strongly than others. As the ligands become ordered, the inter-
action between opposing monolayers becomes attractive, even
well below full surface coverage. The strength of attraction per
unit surface area is strongly affected by ligand coverage, but
only weakly by facet width. Conversely, they found that bring-
ing two monolayers together just above the order-disorder
transition temperature can induce ordering and attraction.**’

Based on large-scale MD simulations, Liu et al. calculated
interparticle spacing in alkylthiol-stabilized gold supracrystals
as a function of the NP size, ligand length and external
pressure. The repulsive many-body interactions in the supra-
crystals are also quantified by comparing the interparticle
spacing with that between two individual NPs at equilibrium.
Their results are consistent with available experiments, and
are expected to help precise control of interparticle spacing in
supracrystal devices.***
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Fig. 30
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(a) NCs as soft skyrmions: hedgehog and vortex, with the different parameters identified to screen a variety of optimal packing model

(OPM) and overlap cone model (OCM) models. (b) Histograms defining the interaction plane for the Au;40(SCo)s> NC interacting with Auy40(SCo)s2
(cyan), Aui2g9(SCi2)2s8 (red), Auzo1(SCig)go (blue), and Au;2g9(SCio)2s8 (green). The location and roughness of the interaction plane are realized in the
surface histograms as the mean and standard deviation, respectively. (c) The softness symmetry decreases from the top left to bottom left cases, cir-
cling clockwise. Adapted with permission from ref. 251 (copyright 2014, American Chemical Society).
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The thermodynamic driving forces for these structures are
not fully understood and conflicting theories have been pro-
posed. In this paper, Fan et al. systematically study the thermo-
dynamic stability of fcc and bec superlattices as a function of
ligand length, core size, and ligand coverage with a coarse-
grained molecular model. Their simulations reveal that bcc
superlattices are stabilized via two fundamentally different
mechanisms, depending on ligand length. For shorter ligands,
the bece superlattice has lower potential energy than fcc, due to
additional interactions between ligands on next-nearest neigh-
bours in the superlattice. For longer ligands, the bce superlat-
tice is stabilized due to a larger configurational entropy of
ligands.”*

Patra et al. combine CGMD simulations and small angle
X-ray scattering experiments to demonstrate that coverage
density of capping ligands (i.e., number of ligands per unit
area of a nanoparticle’s surface), strongly influences the struc-
ture, elasticity, and high-pressure behavior of nanoparticle
superlattices (NPSLs) using face-centered cubic PbS-NPSLs as a
representative example. They demonstrate that ligand coverage
density dictates (a) the extent of diffusion of ligands over NP
surfaces, (b) spatial distribution of the ligands in the intersti-
tial spaces between neighboring NPs, and (c) the fraction of
ligands that interdigitate across different nanoparticles. They
find that below a critical coverage density (1.8 nm™> for 7 nm
PbS NPs capped with oleic acid), NPSLs collapse to form dis-
ordered aggregates via sintering, even under ambient con-
ditions. Above the threshold ligand coverage density, NPSLs
surprisingly preserve their crystalline order even under high
applied pressures (~40-55 GPa), and show a completely revers-
ible pressure behavior. This opens the possibility of reversibly
manipulating lattice spacing of NPSLs, and in turn, finely
tuning their collective electronic, optical, thermo-mechanical,
and magnetic properties.>*® Waltmann et al reported a
detailed analysis of the interaction between two nanocrystals
capped with ligands consisting of hydrocarbon chains by
united atom MD simulations. They analyzed large cores (up to
10 nm in diameter) and ligands with unsaturated carbon
bonds (oleic acid) and investigated the accuracy of the com-
puted potential of mean force by comparing different force
fields. They also analyze the vortices that determine the
bonding, including the case of asymmetric nanocrystals, and
discuss effects related to the intrinsic anisotropy of the core.
Overall these results found are in fair agreement with the pre-
dictions of the recently proposed orbifold topological
model.>*” Yang et al. showed by employing ¢cMD and CGMD
simulations that stabilizer-free polydispersed inorganic nano-
particles can spontaneously organize into porous nanoshells.
The association of water-soluble CdS NPs into self-limited
spherical capsules results from scale-modified electrostatic,
dispersion and other colloidal forces. They cannot be accu-
rately described by the (original) DLVO theory, whereas MD
simulations with combined atomistic and coarse-grained
description of NPs reveal the emergence of nanoshells and
some of their stabilization mechanisms (Fig. 31). Morphology
of the simulated assemblies formed under different conditions
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matched nearly perfectly the transmission electron microscopy
tomography data. This study bridged the gap between biologi-
cal and inorganic self-assembling nanosystems and conceptu-
alized the comprehension of the stabilization mechanisms for
awide range of inorganic and biological NPs.>*

MD and CGMD are nowadays considered as the MD
schemes of choice for the modeling of ligand-protected NPs in
an environment (solvent or other) and its interactions with
other systems (other NPs or other (macro)chemical systems).
As an example, Tavanti et al. employed CGMD to model the
role of NP size and ligand-shell composition (mono or mixed)
on the interaction with amyloid-p fibrils. Amyloids-p (Ap)
fibrils are involved in several neurodegenerative diseases.>**
Tavanti et al. reported that small gold NP bind with the exter-
nal side of amyloid-f fibrils that is involved in the fibrillation
process.”®® The binding affinity, studied for both kinds of
fibrils as a function of the monolayer composition and the
nanoparticle diameter, is found to be modulated by hydro-
phobic interactions and ligand monolayer conformation. In
this case, CGMD has been instrumental in finding that mono-
layer-protected nanoparticles can be considered good candi-
dates to prevent fibril aggregation and secondary nucleation or
to deliver drugs to specific fibril regions (Fig. 32).

Tavanti et al., by means of replica exchange solute temper-
ing molecular dynamics simulations (REST-MD), also reported
how the chemistry of gold NPs surface can be tuned in order
to have a specific binding interactions with amyloid fibrils,
obtaining effective tools to control the aggregation.**® In this
work, the authors how electrostatic interactions drive the
absorption of amyloid-f monomers onto citrates-capped gold
NPs (Fig. 33a-c). Importantly, upon binding, amyloid mono-
mers show a reduced propensity in forming f-sheets secondary
structures that are characteristics of mature amyloid fibrils.

CGMD was also employed by Tavanti et al. to model citrate-
coated AuNPs in interaction with insulin and fibrinogen, two
of the most abundant proteins in the plasma. This work rep-
resents the potential of CGMD in modeling NPs coated or with
(macro)molecular systems more complex than simple organic
ligands. In particular, 5 nm citrate-stabilized AuNPs are coated
by a single layer protein corona consisting of 20 insulins and 3
fibrinogens. The binding site for insulin was found to be
specific and independent from the number of insulins con-
sidered in the computational simulations, whereas fibrinogen
presents different binding modes, as a function of protein con-
centration and composition. Moreover, fibrinogen was found
to be able to accommodate two citrate-coated AuNPs in inde-
pendent binding sites localized at the ending nodes (Fig. 33d).
A competitive process for AuNP binding was observed when
insulins and fibrinogens are contemporaneously present in
the simulations. The overall protein secondary structure was
maintained upon binding to a single citrate-coated AuNP, but
small changes in helix and sheet percentages were observed
for both proteins. A partial unfolding of the a-helix bundle was
found for fibrinogen bound to two AuNPs.

Coropceanu et al., by employing CGMD simulations based
on a minimal model that takes into account the induced

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr02640f

Open Access Article. Published on 26 September 2022. Downloaded on 11/24/2025 7:07:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Review

W b)— 5 o

t(ns)

Fig. 31 (a—c) Snapshots taken after ~65 ns simulations of assemblies from NPs that carry different surface charges: g = 0.3e (a), 0.9¢ (b) and 1.34e (c).
Yellow-green units represent individual NPs. Other colours denote assembled NP particles with different degrees of connectivity. Sodium counterions
are shown as yellow spheres. Note the extended assemblies from multiple connected particles (red, orange and yellow). (d) Atomic charges on the NP
surfaces and in the cores were calculated with ab initio methods using small atomic clusters. (e) Snapshot after ~22 ns equilibration for pre-assembled
NPs that carry g = 0.9e. Inset shows an enlarged view of the highlighted region; note the atomistic description of both the surface and media. (f) Plots
for the number of water molecules inside the nanoshells with g = 0.3e, 0.6e and 0.9e. Stabilization of the cavity size for g = 0.3e and 0.6e is indicative
of stabilization of the shell in a (local) thermodynamic minimum. Reprinted by permission from ref. 248 (copyright 2016, Nature Publishing Group).

Fig. 32 (a) Representation of a bare 2 nm AuNP and of its hydrophilic 11-mercapto-1-undecanesulfonate (MUS) and hydrophobic 1-octanethiol
(OT) ligands. 2 nm-diameter AuNPs are covered with (b) all MUS and (c) 70% MUS-30% OT, respectively. (d) A 5 nm-diameter 70% MUS-30% OT
AuNP. (e) A snapshot of the simulation of the 70/30 AuNP bound to the beta-1 region of the Ap(1-40) protofibril grabbed by 5 tails. (f) Are shown an
arginine (R5) and a histidine (H6) grabbing the head of a MUS ligand in the early steps of the binding of all the MUS AuNP with the Ap(1-40) fibril.
MUS ligands are colored green with the heads colored yellow (sulfur) and red (oxygen), while OT ligands are colored white. Protofibrils are colored
according to amino acid hydrophobicity and charge (hydrophobic in white, hydrophilic in green, positively charged in blue, and negatively charged
in red). Adapted with permission from ref. 254 (copyright 2020, American Chemical Society).
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Fig. 33 (a) The citrate molecule represented in ball-and-stick, and (b) a 4 nm diameter AuNP covered by citrates. (c) Representative snapshots of

the adsorption of amyloid monomers onto citrate-capped AuNP at the three different ratios, respectively. Proteins are represented in cartoons
colored accordingly to their secondary structures highlighting the C-terminal region. Reproduced from ref. 256. (d) Snapshots of fibrinogen, at
CGMD level, bound to two citrate-coated AuNPs taken at two different time-steps (31.75 and 50 ns) during the dynamics simulation. Green beads
represent amino acids in contact with AuNPs. Black line shows the bending of fibrinogen along its principal axis. In part left, the purple circle shows
the partial unfolding of the a-helix bundle near the central nodule. Adapted with permission from ref. 255 (copyright 2015, American Chemical

Society).

charges on the NP surface, investigated the role of dielectric
mismatch between the metallic nanocrystals (NCs) and the
surrounding medium on the reversibility of NCs binding. In
this case, CGMD simulations revealed that the interactions of
NCs with high and low dielectric constant with multivalent
ions resulted in reversible and sticky NC binding, respectively
(Fig. 34). This computational study was combined with the
application of a modified version of DLVO theory that took
into account steric repulsion mediated by the ligands at very
short interparticle separation, in addition to the original
attractive interaction due to dispersion forces and a repulsive
term due to electrostatic repulsion. A clear focus has been

14420 | Nanoscale, 2022, 14,14385-14432

given to the computed repulsive component of the interparti-
cle potential at varying the dielectric contrast between NCs
and the surrounding medium. This repulsive interaction has
been found to increase with NCs with high polarizability
(Fig. 34).>*® Zhao et al employed atomistic molecular
dynamics simulations to better understand the mechanism
underlying the trapping and release polar guest molecules
between trans- and cis-azobenzene-functionalized nano-
particles. cis-Coated NPs were found to spontaneously
assembled, in agreement with the experimental observations,
confining several polar molecules which interacted with the
NPs azobenzene-based ligands nitrogen atoms by hydrogen

This journal is © The Royal Society of Chemistry 2022
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Fig. 34 (A) Estimated pair potential for 4.5 nm Au NCs in the presence

of different concentrations of 1: 3 electrolyte by using a modified DLVO
theory. (B) Computed repulsive component of the interparticle potential
at varying dielectric contrast enc/esol. Where &g, is solvent dielectric con-
stant. The repulsive interaction increases for NCs with high polarizability.
(C) MD-inspired models difference in interactions of NCs with high (enc
= 200) and low (enc = 10) dielectric constant, with multivalent ions
resulting in reversible and sticky NC binding, respectively.
Figure adapted from ref. 238 (copyright 2022, American Association for
the Advancement of Science).

bonding. In contrast, trans-decorated NPs remained separated
and had no appreciable affinity to polar molecules. This study
revealed how ultraviolet and visible light irradiation can be
used to reversibly create and destroy confined environments,
where polar guest molecules can be trapped, in-between
assembling colloidal nanocrystals functionalized with light-
responsive ligands. This dynamic and reversible mechanism is
intended to be very useful for studying chemical reactivities in
confined environments and for synthesizing molecules that
are otherwise hard to achieve in bulk solution."® As the latest
MD contribution to this section, we like to highlight a quite
captivating work performed by Santos et al, where coarse-
grained MD was used in order to better comprehend how to
control nanoparticle assembly via systems-level control of
molecular multivalency. In this work, polymer-coated nano-
particle material where supramolecular bonding and nano-
scale structure are simulated in conjunction to dictate the
thermodynamics of their multivalent interactions, resulted in
emergent bundling of supramolecular binding groups that
would not be expected on the basis of the molecular structures
alone. Additionally, Santos et al. showed that these emergent
phenomena can controllably alter the superlattice symmetry
by using the mesoscale particle arrangement to alter the
thermodynamics of the supramolecular bonding behavior. The
ability to rationally program molecular multivalency via a
systems-level approach therefore provides a major step forward
in the assembly of complex artificial structures, with impli-

This journal is © The Royal Society of Chemistry 2022
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cations for future designs of both nanoparticle-based materials
and their (reversible) assembly process.>*’

In the last part of this section, we would like to mention the
so-called hybrid quantum-mechanics (QM)/molecular-mech-
anics (MM) method (referenced as QM/MM),>*” which has
been widely used in computational molecular biology,>”>*°
quantum chemistry*®*>**> and in recent years in nanotechno-
logy and nanoparticles-based systems.”®>2®” QM/MM simu-
lations are popular tools for the simulation of extended (i.e.
millions of atoms) atomistic systems, in which the atoms in a
core region of interest are treated with at quantum-mechanics
level and the surrounding atoms are treated with an empirical
potential.*®” As a recent archetypical example of application of
QM/MM method to study ligand-protected metal NPs, Mark
et al. used such approach to untangle the complex interplay
between NPs surface chemistry, ligand grafting density, ligand
dynamics, NPs curvature, and interaction with environment
for systems of remarkable application interest in hetero-
geneous catalysis, biomass upgrading, and protein
adsorption.”***%” 1t is without doubt that in the near future
such approach will be applied directly to the modelling of NPs
assembly, offering a direct look into the NPs assembly (ir)
reversibility dynamics and mechanism together with the
added-value of having access to the electronic structure of
local regions.

4.3. Machine learning-based approaches

Machine learning (ML) holds a wide-ranging variety of algor-
ithms and modelling tools used for many data processing
tasks, which has entered most scientific disciplines in recent
years. This translated into the rise of the use of ML to acceler-
ate computational schemes aimed at understanding material
phenomena. ML has been used to predict parameters, gene-
rate configurations in material simulations, design many-body
(classical/coarse-grain) potentials, and classify materials pro-
perties. In a selective and non-exhaustive way, this section
reviews the recent research on the interface between machine
learning and the physical sciences with particular attention to
works focused on NPs, NPs assembly and relevant factors
related to this topic.*?

One growing field where ML schemes have been important
is related to ML application to accelerate MD and FPMD simu-
lations. Botu et al. employed kernel ridge regression to acceler-
ate MD method for nuclei-electron systems by learning the
selection of possible configurations in MD simulations, which
enabled bypassing explicit simulations for several steps.”’'
More recently, ML has been used to predict specific outcomes
(the dissociation timescale of compounds) of first-principles
MD simulations by bypassing the time evolution of the particle
trajectories.>®® Recently, convolutional neural network-based
ML “emulators” have been introduced to predict output func-
tions (e.g., power spectrum) of simulations gaining up to two
billion times acceleration.?®®> However, the field of application
of ML that is receiving a tremendous boost in recent years is
the so-called class of machine-learned potentials (MLPs).
MLPs constitute a promising approach to solve computation-
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Fig. 35 System size/time scales vs. accuracy/applicability plot for dynamical approaches where machine learning potentials stands out as potential
solution to the trade-off between cost and accuracy of conventional atomistic simulations. Reprinted by permission from ref. 294 (copyright 2021,
Nature Publishing Group). Acronym definitions: QC, quantum-chemical; DFT, density functional theory; MM, molecular mechanics; MD, molecular

dynamics, CG, coarse-grained; ML, machine learning.

ally challenging problems in materials sciences (Fig. 35) that
were previously neither accessible by classical force fields nor
by computationally demanding DFT and FPMD methods.***

Behler and Parrinello lead the way to the systematic devel-
opment of MLPs,**>?°® while the fitting of force field para-
meters using ab initio data dates back to earlier work.>?”>°
More recent breakthroughs in developing highly accurate
MLPs for organic molecules and disordered or crystalline
materials demonstrate that MLPs have the ability to boost
materials modelling and design to an unprecedented level of
prediction.”*'*°°3% In the last decade, the application of ML
schemes, as a subset of the broader field of ‘artificial intelli-
gence’ (AI), into materials science enabled a new degree of
realism in NPs-based materials science. By ‘learning’ elec-
tronic-structure data (based on DFT and FPMD datasets),
MLPs give access to fast simulations that still retain a first-
principles accuracy. Yet, while ML data-driven research has a
long history in biology or chemistry, it only rose to prominence
recently in the field of NPs for assessing the role of shape and
surface composition on their assembly.

Generally, a MLP fitting framework combines three com-
ponents (Fig. 36a-e): a database of reference structures and
associated quantum-mechanical data; the representation of
atomic environments using suitable mathematical descriptors;
and finally, the regression or “learning” task itself.>®%>°%3%7

The usefulness of MLPs has now been firmly established,
with a rapidly evolving body of literature in the field, combin-
ing new methodology with practical research questions. The
quality of any MLP model hinges on the quality of its input
data. The choice of reference data is critical because MLP are
nonparametric: they lack a physically justified functional form,
and thus they have enormous variational freedom that the
input data must constrain.”®® A range of approaches has been

14422 | Nanoscale, 2022, 14,14385-14432

developed for the construction of reference databases. The
intended purpose of the potential primarily guides the choice
of the approach: hand-built databases, iterative and active
learning, automatic training/testing set selection and general-
purpose databases represent just a selection of the possible
choices. In terms of representation of the local environment,
suitable mathematical descriptors need to be chosen with a
high degree of completeness, while remaining smooth and
continuous with respect to the movement of atoms.
Commonly used examples are distances and angles between
atoms or the many-body SOAP representation with a poly-
nomial kernel.>°®2%® Concerning the fitting operation itself,
hierarchical MLP models are nowadays receiving particular
attention as a viable way to overcome one of the typical issues
of MLP development: typical cut-off radii of MLP enclose the
first few coordination shells, but not more. This short-sight is
primarily due since there are at least two distinct energy and
length scales in potential-energy surfaces: the attractive regime
of interatomic bond formation on the length scale of
Angstrom and energy scale of electron volts and the repulsive
regime between nuclei on the length scale of tenths of
Angstroms and energy scale of tens of electron volts and
higher. On top of this lies the challenge of properly describing
the long-range dispersions forces whenever necessary. The
interest and use of new mathematical representations of local
environments (such as SOAP) is continuously growing even
beyond the use in MLP. For instance, Gardin et al. after build-
ing on unsupervised clustering of SOAP data obtained from
equilibrium MD simulations, compared a variety of soft supra-
molecular assemblies via a robust SOAP metric. This work
highlighted the usefulness of such a tool, providing a data-
driven “defectometer” to classify different types of supramole-
cular particles and assemblies based on the structural
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr02640f

Open Access Article. Published on 26 September 2022. Downloaded on 11/24/2025 7:07:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review

\  Additive corrections to
“NIr wave-function-based
WY quantum chemistry

Nanoscale
AW = Energies and forces
a) HY = EW (slng%e-poin()
0 Regre;sion (“learning”) of
potential-energy surface
— —
=] W, sact.but|
unknown PES
Construction of a X (3N dimensional) q (descriptors)
reference database
e Representation of
atomic environments
Representaton
b) d)‘Traming" Optimize weights 2 e) ﬂgﬁﬂg 0sk(i,f)s1

# 2.body:
{ distance

Many-body: *
all neighbors
‘within cutoff

-------- \
c) W \Q
» h.—; ..“: Input
b layer

Hidden Output
layers layer

N ,@)
s(@)= o &,@) (> \

+ak( a&o ,@)

99

qi() V=),

rij

/ Empirical baseline (e.g., exchange repulsion)

/ \

Fig. 36

(a) General overview of how MLP can be obtained: assembling a database of representative structural models, computing energies and

forces using a reference quantum-mechanical method, expressing the atomic structure in “machine-readable” form using descriptors, and finally
regressing (“learning”) the potential-energy surface. (b) Different types of descriptors for atomic environments, as commonly used in ML potentials.
(c) The basic idea behind the SOAP representation, in which the neighbour density of a given atom is expressed through Gaussian functions centered
on atoms. (d) Sketch of a neural-network architecture for fitting interatomic potential models. The atomic environment is represented by input func-
tions, and the result is an atomic energy. (e) Schematic of kernel methods to interpolate atomic properties by comparing an environment (red) with
N entries in the reference database (green). (f) Schematic of a hierarchical approach, starting with an empirical baseline (e.g., the exchange repulsion
between atoms that come very close to one another), to which “machine-learned” terms are then gradually added. Figure adapted from ref. 269

(copyright 2019, Wiley-VCH).

dynamics (continuously forming-and-repairing) of the
ordered/disordered local molecular environments that statisti-
cally emerge within them.>*°

A further issue linked to current MLP is that they deal with
inorganic/metallic materials or molecules-but not typically
together. This hints at their direct application to the study of
NP-based systems and the study of the assembly process of
ligand-protected NPs. While there are connections between the
two worlds (inorganic/metallic NPs-based materials and
ligands), a truly unified ML potential framework that would
simultaneously treat a wide range of inorganic/metallic solids
and organic molecules is not currently available. One of the
challenges is linked to the localized (delocalized) nature of
electrons in molecules (periodic solids), respectively, and how
this manifest in the different physical models and simplifica-
tions that can be made for them. Deringer et al. proposed to
incorporate high-level quantum-chemistry methods inputs
into fitting frameworks for materials that could powerfully aid
the construction of MLP: by adding corrections on top of the
(DFT-fitted) long- and short-range parts, thereby contributing
to the final step of the hierarchical approach outlined here
(top of the pyramid in Fig. 36f).>%°

A successful case of use of ML potentials is its application
to the reproduction of NPs shapes in good agreement with
DFT calculations.””® MLP combined to Monte Carlo simu-
lations scheme allowed the reproduction of the formation of
“onion-like” structure of the NP as the simulation progress.””°
This approach can be applied to both gas-phase NPs as well as
in a solvent environment (Fig. 37). Recently, a few exhaustive
works reviewing the present state of machine-learning-driven

This journal is © The Royal Society of Chemistry 2022
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b)

Progress of Monte Carlo simulation
Progress of Monte Carlo simulation

Fig. 37 Monte Carlo simulations on Au/Cu NPs, driven by an NN poten-
tial. (a) Exemplary snapshots are shown that illustrate how the “onion”-
like structure gradually emerges. (b) Same for an Au/Cu nanoparticle
where the ML potential includes four species, adding also H and O and,
therefore, a description of explicit water molecules around the particle.
Snapshots have been taken from the ESI of ref. 270. Figure adapted from
ref. 269 (copyright 2019, Wiley-VCH).
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alloy research have dedicated a great focus over the simulation
through MLPs of alloy NPs and phase diagrams of particular
interest for a large window of applications.?”**”>

Future work may now deal with more complex entities,
such as ligands coming from a chemical synthesis route and
designed for bringing tailored functionalities at NPs surface or
promoting specific interactions with the
environment.

As the last aspect related to MLP, we would like to underline
that MLP represent intriguing candidates for the MM calcula-
tor in hybrid QM/MM methods. MLP potentials provide
several natural advantages when employed in such a scheme,
potentially offering newer, simpler QM/MM frameworks while
also avoiding the need for extensive training sets to produce
the MLP itself. The drawbacks of employing MLP in QM/MM
schemes (so-called hybrid QM/MLP) are primarily based on
the added complexity to the algorithm of training and re-train-
ing ML models.>*®

In the following will be listed other areas of application of
ML approaches that are of interest for the study of NPs-base
systems and their assembly mechanisms. The first one is rep-
resented by work of Long and co-authors that proposed a novel
data-driven inverse design platform for self-assembling
materials, named “landscape engineering”.>’”>*’* The first
work of Long et al, inspired by the original works of
Glotzer,””>?7® presented a new approach to infer systematically
self-assembly pathways by nonlinear ML of molecular simu-
lation trajectories. This approach to assembly pathway infer-
ence aimed at overcoming the previous short-sights not able to
reveal the full microscopic mechanistic details of the process.
The great strength of this approach was that it recovers
thermodynamic assembly pathways independently of system
dynamics by capturing the thermodynamically and kinetically
meaningful assembly pathways within a single unified frame-
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work. In a more recent work, Long et al. proposed a landscape
engineering approach where the essence is shaping the self-
assembly free energy landscape to favour target aggregates’ for-
mation by rationally manipulating building block properties
(Fig. 38). The approach integrates nonlinear manifold learning
with hybrid Monte Carlo techniques to efficiently recover self-
assembly landscapes, which we subsequently optimize using
the covariance matrix adaptation evolutionary strategy. Long
et al. demonstrated the effectiveness of this technique in the
design of anisotropic patchy particles to form hollow poly-
hedral capsids. In the case of icosahedral capsids, the
approach discovers a building block possessing a 76%
improvement in the assembly rate over an initial expert-
designed building block. In the case of octahedral clusters, the
proposed platform produces a building block with a 60% yield
despite being challenged with a poor initial building block
design incapable of forming stable octahedra.

Another field of application of ML-based schemes is their
employment in data analytics with multivariate sensors based
on monolayer-protected metal nanoparticles for multivariable
gas and vapor sensors. In this area, multivariate statistical and
machine learning methodologies are expanding their applica-
bility not only for pattern recognition, but also for quantitative
analysis of responses of multivariable sensors.>””

Yao et al. reported the use of a customized analysis frame-
work based on a machine learning reveals nanoparticle
(assembly) dynamics from liquid phase TEM videos. This
approach allowed to gain a quantitative extraction of physical
and chemical parameters from the liquid-phase TEM videos.
This approach paved the way to the fundamental understand-
ing of various reaction and phase transition dynamics at nano-
meter resolution. In this work, a neural network-based scheme
is combined to a workflow for generating simulated TEM
images as the training data with well-defined ground truth.

: —12
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Fig. 38 Self-assembly free energy landscapes for different colloidal architectures and generations in the optimization process (for the (a) icosahe-
dron and (b) octahedron cases). The fittest candidate in the generation is projected in two collective variables furnished by the diffusion maps (¥>,
¥s), furnished by the diffusion map. The arbitrary zero of the free energy (5F) in each system is specified by asserting that the monomer has gF = 0 (F
to denote the Helmholtz free energy and g = 1/(k,T)). In each case it is illustrated the locations in the low-dimensional embeddings corresponding
to the monomer, octahedral target aggregate, icosahedral aggregate, and dimer chains. Reproduced from ref. 274 (copyright 2018, Royal Society of

Chemistry).
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This approach targeted three typical systems of colloidal NPs,
with a focus on their diffusion and interaction, reaction kine-
tics, and assembly dynamics, all resolved in real-time and real-
space by liquid-phase TEM. A diversity of properties for differ-
ently shaped anisotropic nanoparticles are mapped, including
the anisotropic interaction landscape of nanoprisms, curva-
ture-dependent and staged etching profiles of nanorods, and
an unexpected kinetic law of first-order chaining assembly of
concave nanocubes. These systems representing properties at
the nanoscale are otherwise experimentally inaccessible.
Compared to the prevalent image segmentation methods, this
approach showed a superior capability to predict nano-
particles’ position and shape boundary from a highly noisy
and fluctuating background. This approach is expected to
push the potential of liquid-phase TEM to its full quantitative
level and to shed insights, in a high-throughput and statisti-
cally significant fashion, on the nanoscale (assembly)
dynamics of synthetic and biological nanomaterials as well as
ligand-protected nanoparticles.>”®

5. Conclusions and outlook

The goal of fully exploiting the properties of NPs has driven
the development of strategies for their controlled and revers-
ible assembly. A variety of strategies are already available in the
scientific literature that represent valuable tools for designing
nanoparticle systems that are applicable in many areas of
science and technology. However, theoretical aspects related to
the concept of reversibility integrated with advanced compu-
tational schemes can offer key insights into the mechanisms
of nanoparticle assembly and provide the basis for improving
existing strategies and developing new ones.

In this review, we have focused our efforts to bring together
state-of-the-art theoretical, experimental, and computational
knowledge on reversible nanoparticle assembly. From the
theoretical viewpoint, extensions of the original DLVO theory
developed for colloidal dispersions have been proposed for
improving the qualitative description of the interactions
between NPs, but further insights are required to move
towards a more quantitative description of the total interaction
potential between NPs and, in turn, to more reliably infer the
mechanism driving their reversible assembly. Experimental
strategies to control assembly are, except for those that exploit
the magnetic field, based on the intermolecular interactions
that occur between the ligand layers that protect the NP
surface. Therefore, they have been implemented through the
introduction on their outer shell of chemical moieties that, fol-
lowing a specific chemical, physical or biological stimulus,
allow the modulation of these interactions. Assembly strategies
can be arbitrarily divided on the basis of the stimulus used to
trigger the assembly which, in several cases, does not coincide
with that used to promote the disassembly process. Many
efforts have been made to develop different strategies to drive
and control assembly of NPs; the most exploited stimuli are
light, temperature, specific recognition of DNA bases, and

This journal is © The Royal Society of Chemistry 2022
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chemical stimuli, such as pH change, ligand and solvent com-
position. The rich variety of strategies discussed in this review
already provides a toolbox for the implementation of NPs-
based systems, which exploit reversible assembly, for specific
applications. However, not infrequently, details about the
repeatability of the assembly/disassembly process are not
reported and it is therefore difficult to understand both the
limitations and reliability of these systems and, consequently,
their potential applicability. So far, the most numerous appli-
cations of the reversible assembly of NPs are directed to the
detection of biological markers and inorganic species.
Examples have also been reported where reversible assembly is
exploited to control catalytic activity and develop technologi-
cally relevant applications, such as logic gates, liquid mirrors
and self-erasable and rewritable materials. However, a wide
range of applications, from functional devices to nano-
medicine, can be envisioned for NP assemblies whose inter-
particle separation can be dynamically controlled, but more
efforts are needed to develop reproducible and reliable
systems. In this direction, computational simulations can be
used and applied to gain an insightful understanding of the
diverse variety of chemico-physical interactions at play during
the (reversible) assembly of NPs. DFT and first-principles-
based methods represent valuable tools to target individual
interactions involved at the ligand/particle interface and keep
track of the electronic structure of sub-systems or “small”
ligand-NP systems and their temporal dynamical evolution at
finite conditions. While classical and coarse-grained MD simu-
lations allow targeting the whole self-assembly process or rele-
vant mechanisms that interest sub-parts of it. Finally, the use
of machine learning potentials, QM/ML schemes and data-
driven engineering can allow going beyond the time and size
limits of the DFT/FPMD methods keeping quantum mechanics
accuracy and expanding the applicability of rational manipu-
lation of NPs and their assembly towards their use for novel
applications. However, to date, the majority of work has been
based on the focus of sub-components of the NPs/ligands
system or individual aspects of the assembly process and,
therefore, a major computational challenge is the lack of
metrics to characterize and monitor the crucial aspects of
reversibility of the whole assembly process. As compu-
ters’ speed and capability increase, atomic simulations of NPs
interactions and their assembly become increasingly practical.
And so, the direct determination of the potential mean force
by atomistic simulation will allow circumventing the account
of individual forces and therefore resolves the nonadditivity
problem that is still largely affecting the true predictive power
of current theories applied to these matters.

Overall, the examples discussed make us confident that
reversible assembly has great potential to be further exploited
as a key strategy for future applications of NPs-based systems.
In our opinion, a synergistic combination of theory and com-
putational simulation with experimental strategies will help
deepen our understanding of the mechanisms involved in the
reversible assembly of NPs. In particular, this joint effort will
pave the way to the rational design of NPs down to an unpre-
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cedented degree of control and address future challenges,
such as the development of multicomponent reversible assem-
blies, asymmetric/chiral reversible assemblies, and functional
reversible assemblies for specific applications.
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