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the self-assembly of macroions in solution
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Macroionic solutions behave quite differently from small ions in solution or colloids in suspension,
representing a previously missing and very important transitional stage, and can further be connected to
solutions of polyelectrolytes, including proteins and DNA (e.g., similarities between “blackberry”
formation and virus capsid formation). While synthesis and characterization have produced an immense
database regarding the self-assembly behavior of macroions in solution resulting in many empirical rules
and guidelines, theory and simulations are sorely needed to connect these disparate threads into a

Received 15th August 2022, cohesive and coherent narrative of macroionic solution theory and to provide guidance for future work.

Accepted 11th October 2022 We recently developed a versatile coarse-grained model specifically designed for modelling the self-
DOI: 10.1039/d2cc04535d assembly of macroions in solution and have answered some of the most outstanding questions about
the solution behavior of macroions including the source of the attractive force between like-charged
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1. Introduction

Solutions of hydrophilic macroions represent a transition stage
between simple ions and large colloids. It has been found that
such macroions have completely different solution behavior
from the other two systems and could represent a previously
missing intermediate region between them. Soluble inorganic
ions are expected to distribute homogeneously in dilute aqu-
eous solutions. However, this widely accepted concept does
not seem to hold for some giant, highly soluble, hydrophilic
macroions carrying moderate amounts of charges, such as
polyoxometalate (POM)'™* and POSS®” anions, metal-organic
cations,® ' small nanoparticles and charged dendrimers'*™*
(see Fig. 1). POMs are a large group of nanometer-scaled metal-
oxide molecular clusters and their derivatives'>° with well-
defined molecular structure, uniform size, shape, and mass,
and (in certain range) adjustable charge density. The cationic
metal-organic cages (MOC)***! are formed by transition metal
cations interacting with special organic ligands to form well-
defined structures. Other examples of macroions include
charged dendrimers, soluble small nanoparticles, as well as
biomacromolecules. These macroions tend to attract with
each other and often self-associate into hollow, spherical,
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single-layer, vesicle-like blackberry-type structures in dilute
solutions (see Fig. 1).>**

The macroions cannot be described by the Debye-Hiickel
Theory because they cannot be treated as point charges, while
on the other hand they are still soluble and form “real solutions”
which distinguishes them from colloids. Such macroions can
also serve as a model to the poorly understood polyelectrolyte
(including biomacromolecular) solutions.

On the experimental side, Liu et al. has formulated the
following important conclusions and hypothesis using various
techniques including static and dynamic light scattering
(SLS and DLS), transmission and scanning electron micro-
scopes (TEM and SEM), solution nuclear magnetic resonance
(NMR) spectroscopy, Zeta potential Analysis, small-angle X-ray
scattering (SAXS), isothermal titration calorimetry and analytical
ultracentrifugation:

(1) Hydrophilic macroions soluble in water or other polar
solvents can strongly attract each other and form hollow,
spherical, single-layer structures (known as “blackberry” structures)
when carrying moderate amounts of charge.*®°

(2) The counterion-mediated attraction is the major driving
force for the self-assembly, while the van der Waals (vdW)
forces are negligible.>*4%*3

(3) Tuning the charge density of macroions (or the solvent
composition) leads to the transition between the single macro-
ions and the blackberry structures,** as well as changes in the
blackberry size. The blackberry size decreases monotonically
with increasing macroionic charge density (or increasing
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including inorganic metal-oxide molecular clusters (1, 2), metal-organic nanocages (3), functionalized fullerenes (4), cyclodextrins (5), dendrimers (6)
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A coarse-grained model designed for general spherical macroions is shown on the right side. In this model, the cyan beads have only vdW interactions

while the yellow beads have both vdW and electrostatic interactions.

solvent polarity, measured in dielectric constant) until the
blackberries disintegrate to single macroions.>®

(4) The interaction (consequently the blackberry formation
and size) between the macroions and their counterions is
controlled by the valence and hydration shell of counterions.
Among the monovalent counterions, the ones with smaller
hydration shells will be associated with the macroions first.
Counterion replacement (even among monovalent ions) around
macroions can be achieved.*’

(5) The blackberry formation in dilute solutions could be
very slow (takes weeks to months) to reach equilibrium at room
temperature, due to the very difficult dimer and oligomer
formation process. The whole process accelerates with time.
The overall kinetic curve (sigmoidal curve) is similar to that of
virus capsid formation denoting the existence of templated self-
recognition.*®

(6) The blackberry formation demonstrates an amazing self-
recognition behaviour. Two types of macroions in the same
solution can strictly self-recognize with each other and form
two types of individual blackberries instead of mixed ones.*”*®
This can even be achieved between two macroionic enantiomers.

It is very important to correlate the well-established experi-
mental understanding of macroionic solutions with strong
theoretical and simulation studies.

Theoretical and simulation-based modeling of POMs to
date has primarily been focused on their electronic properties,
rather than their solution features.**** Many of the theoretical
investigations of POMs to understand their electronic properties
have taken advantage of quantum chemistry methods, mainly
Density Functional Theory (DFT)-based methods.>*>¢->%3%06%72.76
Ideally, full configuration interaction calculations with large basis
sets can approach exact solutions of the Schrédinger equation
for certain systems, but the number of calculations can scale
exponentially with the system size, whereas DFT-based methods
can give accurate (but comparatively less precise) with a greater
computational efficiency. At the same time, for both these
approaches, only system sizes in the hundreds of atoms are
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typically the largest that can be feasibly performed on the
traditional parallel computing platforms. For macromolecular
systems, then, it is more common to model isolated molecules
or representative segments of molecules than to simulate entire
arrays of macromolecules in solvent or adsorption interactions.

Investigation through Molecular dynamics (MD) simulation
of macroions assembly in solution is expected to overcome
some of the limitations in system size and accessible time
scale. On the detailed side of MD simulation are all-atom
simulations (all-atom MD), which forgo the electronic-structure
specificity of quantum simulation for a representation based on
individual atoms and the interactions between them. All-atom
MD has been used to study macroions in solutions - including the
diffusion of macroion molecules in solution and the distribution
of water molecules and counterions around them.®*"®® Tsujimichi
et al. in 1995 used a force field developed for other metal oxides to
study the structure of the solvent (water) around [PMoy,0,0]~
with three K" counterions - to the best of our knowledge this was
the first classical simulation of a POM in an explicit solvent.®®
However, the simulation time was only a few picoseconds long,
resulting in poor statistics and made it hard to draw a definitive
conclusion on the structure of the solvent around the POM. In
2005, Lopez et al. gave a clear picture of the structure of the
solvation shell by simulating [PW,0,4,]>~ and three Na* counter-
ions in water and running the system for relatively long time with
a simulation time of 2 ns.*” Leroy et al. used the same method to
show that the dynamic behavior of the macroions was strongly
dependent on ion-pairs in the first solvation shell while the ion-
pairs in the second solvation shell may also have important
consequences.®®

Wipff did the only work so far on the aggregation of
macroions (up to 20) in solution using all-atom simulation
and identified the formation of oligomers (from dimers up to
pentamers) within a simulation time of 20 ns.**°° This work
proved that there is indeed attractive interaction between POM
macroions. However, due to the limitations in what can be achieved
through all-atom simulations and available computational
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capability, these studies handled only small systems at very
high concentrations, leading to less conclusive but still relevant
results on the self-assembly behavior of macroions in solution.
In general, basic all-atom MD is capable of accessing time scales
on the order of tens of nanoseconds but becomes difficult for very
large systems or for dynamics expected to take place over very
long-time scales such as the self-assembly of macroions.

Given that macroions fill the gap between simple ions and
colloids in size but display a completely different self-assembly
behavior, there was a reasonable amount of interest from the
simulation community about a decade ago to understand this
unique class of system as highlighted above. Unfortunately, the
time and length scales involved in the self-assembly process of
macroions in solution became a bottleneck for many of the
previous simulation attempts that used either DFT or all-atom
simulation approaches. This significantly hampered the in-
depth and scope of questions and analysis that could be done
through simulations. The principal role of simulations in the
field of macroions have thus been in interpreting experimental
results. To overcome these challenges, we recently developed
a coarse-grained (CG) model specifically designed to study
the self-assembly behavior of macroions in solution.”™*> The
model allows simulating mesoscale physical processes while
retaining the molecular details of the system.

CG simulation methods in general attempt to circumvent
the difficulties associated with small time steps and length
scales in all-atom simulation by combining atoms into ‘“‘super-
atoms” called “beads”. One advantage is that the very fast
motion associated with bond fluctuations is largely avoided
and thus a larger time step can be chosen. This can either be
used to perform simple simulations much more quickly or to
extend the range of accessible time scales from ns to s or even
ms. Furthermore, the reduction in the system’s degrees of
freedom allows one either to simulate the same system with
fewer particles for less computational overhead or to simulate
much larger systems using the same number of particles to
probe much larger length scales. The versatility of our model
also allows for modifications or additions to the potentials that
can recreate interactions like hydrogen bonding without being
limited to a specific chemistry.

In this Feature article, we summarize the recent advances
we have made in the fundamental understanding of the self-
assembly of macroions in solution using our CG model.

2. Modelling and simulation details

To study the general self-assembly behavior of various hydrophilic
macroions, a flexible coarse-grained (CG) model that represents
macroions of varying charge and size was developed.”*> The
design of the CG model is based on the molecular structure of
typical macroions such as polyoxometalate molecules. One macro-
ion is represented by one hollow sphere with two different types
of beads on the surface (see Fig. 1). The surface beads are either
uncharged or charged to represent the van der Waals and
electrostatic interactions among macroions, counterions and
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solvent molecules in the solution. The size and charge value of
each surface bead, the size of the macroion, and the number of
charged beads and their distribution on the surface can all be
tuned to represent a specific type of macroion. Many macro-
ions, such as {Mo72Fe30} and C60, have localized charges and
hence the charges on the surface of macroions in our model are
treated to be localized.

The Lennard-Jones (LJ) 12-6 potential energy function was
used to describe the van der Waals interactions between
different kinds of species in the solution. The CG force field
parameters for solvent were taken from the model of water in
MARTINI force field.”* In this CG model of water, one bead is
equivalent to four water molecules. The CG beads on the
surface of macroions also have the same size (5 A), ¢, and
van der Waals interaction parameters, ¢, as the solvent beads to
account for their hydrophilic characteristic, so are the counter-
ions. While reduced units are used in our CG model, the
following conversion is used in translating the reduced units
to real units so that the reader can have a sense of the
simulation time and length scales accessed through our current
simulations.’’ In our CG model, the ¢ of all pair interactions
between all kinds of species is set to 4.5 k] mol ™", and the ¢ is
set to 5 A to obtain a good solvent environment. The cut-off
distance r, is set to 15 A for all L] interactions.

Furthermore, the interactions between the different charged
beads were described by the Coulomb pair-potential. In the
work reported here, each charged bead on the surface of
macroions has one negative charge, and accordingly each
counterion has one positive charge, while the solvent beads
are not charged.

Though the interaction between a macroion bead and a
solvent bead was set to be identical to that between two solvent
beads in most of the work we have done so far, the proposed
coarse-grained model is, however, versatile and can capture the
different possible dispersion interactions between macroions
and solvents. This can be performed by tuning the LJ para-
meters ¢ and ¢ between all relevant macroion bead-solvent
bead pairs allowing for a reliable representation of solvent
quality as good, neutral, or bad. Furthermore, the different L]
sites on the surface of the macroions can be assigned either
identical or different L] parameters to study homologous and
heterogeneous interactions of macroions and/or macroions
and solvents. This allows us to capture the different asym-
metries that exist in the different types of macroions that have
been investigated by experimentalists. Using this approach, we
have validated our proposed model, interpreted existing experi-
mental data, and guided the design of new experiments and
some of them are presented below.

3. Solution properties of hydrophilic
macroions

The coarse-grained model for macroions we developed has
been found to be helpful in providing a general understanding
of various soluble, hydrophilic macroionic solutions; especially
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the strong attraction among the like-charged soluble macroions
and the consequent spontaneous, reversible formation of
hollow, spherical, single layer, vesicle-like blackberry-type
structure with tuneable sizes. The results hold great promise
in our understanding of macroionic solutions from empirical
experience to general rules.

3.1. Source of the attractive force between macroions®*

Our initial investigation was focused on answering the follow-
ing question: what is the source of the attractive force among
like-charged soluble macroions with moderate charge density
and monovalent counterions—in the absence of chemical
interaction and hydrogen bonding?

To answer this question, we investigated the interaction
between two isolated 2.5 nm-diameter charged macroions in
dilute solution. It took more than 250 ns for the two macroions,
that were initially separated by 20 nm in the solution, to form a
stable pair, which we will refer it hereafter as dimer. Both the
van der Waals and electrostatic interactions are favourable for
dimer formation as shown in Fig. 2(a) and (b), respectively. The
contribution of the van der Waals interaction to the dimer
formation is, however, about four orders of magnitude smaller
than the contribution of the electrostatic interaction. Due
to screening by the counterions, the electrostatic interaction
between the two macroions displays a short-range behavior,
similar to the van der Waals interaction. We believe that is why
it took so long to form the dimer state.

To confirm that electrostatic interaction is mainly respon-
sible in the self-assembly of macroions in solution, a system
containing 27 charged, 2.5 nm-diameter, macroions in solution
was simulated. The macroions self-assembled into a single
aggregate as shown in Fig. 3(b) within 500 ns. This further
confirms that like-charged macroions attract one another in
solution to form one big aggregate mediated by counterions.
A similar system, but with uncharged macroions and no
counterions was also simulated to determine the role of van
der Waals interactions in the self-assembly process. As shown
in Fig. 3(e), no sign of any kind of aggregation, even at a dimer
level, was observed after simulation of more than 500 ns. This
confirms our earlier observation that van der Waals interactions
do not play a significant role in the self-assembly of like-charged
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Fig. 2 Comparison of two types of potential energy between macroions
and counterions. (a) The van der Waals potential energy of the two
macroions as a function of the distance between them. (b) The electro-
static potential energy as a function of the distance between two
macroions.
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Fig. 3 Snapshots of charged and uncharged macroions in solution: (a), (d)
at the beginning and (b), (e) at the end of the simulations, respectively.
Charged beads on macroions are colored in yellow, while uncharged
beads on macroions are colored in cyan, and charged counterions are
colored in red. (c) shows the final outcome after turning off all the charges
to the aggregate shown in (b) and running the simulation further with no
Coulomb interactions. Solvent beads are not shown in all the snapshots for
clarity.

macroions in solution. This begs the question, what would
happen to the aggregate shown in Fig. 3(b) if the electrostatic
interactions are turned off and the simulation is continued? The
simulation proved that the aggregate immediately, within a few
picoseconds, disassembled into isolated macroions as shown in
Fig. 3(c).

The simulation results presented above confirm experi-
mental observations that counterion-mediated electrostatic
attraction between macroions is the major driving force for
the self-assembly of macroions in solution. However, note that
the self-assembly shown in Fig. 3(b) is a not two-dimensional
(2D) monolayer and this was investigated further and is
presented below.

3.2. The fundamental reason behind the symmetry-breaking
phenomenon during the self-assembly of macroions in
solution®?

The most intriguing question is why the macroions assemble
into hollow (i.e. two dimensional), spherical structures? Many
types of macroions, such as the Keplerates, Cso and some
MOGCs, are structurally isotropic, which is different from the
structurally anisotropic surfactants. To form the hollow, sphe-
rical blackberry structure, the macroions need to have stronger
intermolecular attraction along certain directions in a homo-
geneous bulk solution. That means, a symmetry-breaking
process should take place, but how that happens has been a
major mystery until our recent simulation result provided a
convincing answer to it.

Although it is computationally unfeasible to simulate the
formation of a blackberry structure because it may contain
thousands of single macroions; it is, however, possible to
simulate the early stage of the self-assembly behavior since
the macroions should initially self-assemble into a 2D mono-
layer before forming the blackberry-like structure. Simulation
of different systems containing 27 macroions or more with
moderate charges randomly distributed on the surface of the

This journal is © The Royal Society of Chemistry 2022
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macroions resulted in a 3D aggregate similar to Fig. 3(b).
This matched our expectation given that there should not be
any directional preference for the self-assembly because the
macroions were assigned random charge distribution on their
surface.

Since many macroions have rigid structures, we hypothe-
sized that the positions of the charged sites on the macroions
may be reconfigured depending on the solution environment to
break the isotropic symmetry and self-assemble into a 2D
monolayer structure. That means, though many macroions
are structurally isotropic, the charge distribution on their
surface in a solution may not necessarily be isotropic.

To verify our hypothesis, systems containing a large range
of charge densities and charge distributions on macroion
surfaces were simulated. Eight representative macroions with
moderate charge densities and different charge distributions
are shown in Fig. 4(a)-(h). From the simulations, we discov-
ered that only a selected group, those with charges distributed
close to what we refer to as the “equator” (Fig. 4(d)—(f)) of the
macroions, self-assembled into 2D monolayers while the rest
assembled into a 3D aggregate.”” Representative 2D mono-
layers are shown in Fig. 4(i) and (j) which show the macroions
packed in a well-defined hexagonal structure that is in excel-
lent agreement with recent experimental observation. In the
experiments,’*°° they showed that standalone 2D nanosheets
are formed by two types of macroions: 2.5 nm spherical {Ugo}
peroxide clusters and 2 nm-size metal-organic cage in dilute
solutions.

Fig. 4 CG models of macroions with various charge distributions and
2D monolayer structures formed by certain types of macroions. The
charge distributions of the CG models are: (a) 20 charges randomly
distributed on the surface; (b) 10 charges on the “tropics” (analogous to a
globe); (c) 8 charges on the vertices of a cube (body diagonal 2.5 nm);
(d) 10 charges on the "equator”; (e) 15 charges on the equator and
one tropic; (f) 20 charges on the equator and both tropics; (g) 20
charges on half sphere; (h) 20 charges on top and bottom. (i) Final
assembly of macroions with a charge distribution shown in d. (j) Final
assembly of macroions with a charge distribution shown in f. All the
macroions are 2.5 nm in size. Solvent molecules are not shown in i and j
for clarity.?
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3.3. Thermodynamic justification for the preferred type of
charge distribution on the surface of macroions®>

The self-assembly of macroions is not entropically favourable
since the entropy is reduced due to the macroions self-
assembling into a well-defined structure. In other words,
enthalpy should be the driving force that lowers the free energy
of the solution during the self-assembly of macroions. From
our simulations of several batches of different macroionic
solution systems, where for each batch the systems were
identical except the distribution of the charges on the surface
of the macroions, we found that systems with macroions
having charges distributed close to their “equator” have the
lowest enthalpy, ie. energetically favourable, after forming
stable assembled structure.”” So, in solution, we hypothesize
that macroions would prefer to have their charges distributed
around the equator to minimize the system free energy.
These results imply that the charge distribution on the
surface of macroions in solution may be dynamic, that is
redistributing closer to the macroion’s equatorial area to
achieve the lowest energy state of the solution. This intriguing
result from simulation has been very hard to directly confirm
through experiment. The immediate question we got from our
experimental collaborator Liu’s group was, why macroions such
as Keplerate, with apparently isotropic charge distribution, also
self-assemble into 2D monolayers prior to the blackberry struc-
ture formation? To answer this question, we designed a model
macroion where 30 negative charges were symmetrically
assigned on the 30 vertices of an icosidodecahedron surface
shown in Fig. 5(d) that is identical to the locations of possible
charge sites on the surface of {Mo,Fe;zo} (a 2.5 nm diameter
spherical cluster). Such macroions also forming a 2D mono-
layer as shown in Fig. 5(a)-(c) was surprising to us. The
macroions pack in hexagonal close-packed structure, like the
ones with charges distributed close to their equators. This is
very interesting because our model correctly captures what was
observed in experiments, i.e.{Mo,Fe;zo} macroions do form 2D
monolayers, but is contrary to our initial expectation that the

Fig. 5 Self-assembly of macroions with a quasi-isotropic (icosidodeca-
hedron shaped) charge distribution. (a) Self-assembled structure of
10 macroions. (b) After adding four macroions one by one into a. (c) 2D
monolayer merged from four small monolayers as shown in a. (d) The
shape of an icosidodecahedron. (e) The top view of this polyhedron when
sitting on one of its pentagons on the surface. (f) The side view when sitting
on one of the pentagons. (g) The side view when sitting on one of the
triangles.®?
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charge distribution on the surface of icosidodecahedron is
isotropic.

A closer look at of the charge distribution on the surface
of icosidodecahedron, however, reveals a very interesting and
convincing behaviour. Top and side views of the icosidodeca-
hedron structure when it sits on one of its pentagons on a
surface is shown in Fig. 5(e) and (f). The side view of the vertices
shows an anisotropic charge distribution where the density of
the vertices around the equator was found to be relatively
higher resulting the charge density in this region to be 57%
higher than the rest of the surface area.’” In contrary to this,
the charge density around the equator is about 47% lower than
the rest of the surface area when the icosidodecahedron sits on
one of its triangles as shown in Fig. 5(g). It is interesting to note
that the macroions in the monolayers in Fig. 5(a)-(c) align
themselves along their pentagons instead of the triangles in
agreement with our reasoning.”” This exercise clearly con-
firmed our simulation results about the distribution of charges
on the surface of macroions in solution. Putting together all our
findings so far makes us believe that the charges on the
macroions don’t need to move far, even a slight tendency of
redistributing the charges closer to the equator would lead to
the formation of 2D monolayer structures. This is most feasible
for macroions with highly delocalized charges such as {Mo154}.

3.4. How does the type of charge distribution on the surface
of macroions we discovered from our simulation lead to a 2D
monolayer formation?®”

Since electrostatic interaction mediated by counterions has
been proven to be responsible for the self-assembly of macro-
ions in solution, we focused our attention on the electric field
surrounding the macroions.

Constructing the total electric field lines around the macro-
ions as shown in Fig. 6(a) and (b) clearly shows that the like-
charged macroions repel each other in the absence of counter-
ions (Fig. 6(a)). After dimer formation due to the presence of
counterions, electric field lines that are attractive to other
macroions are observed around the dimer (Fig. 6(b)). The
electric field approach was used to explain how macroions
dimerize and eventually form a stable monolayer. This was
followed by use of the same approach to verify how small
monolayer pieces merge into a bigger one. In order to do that,
four replicas of the small monolayer shown in Fig. 5(a) were put
in a large solution system and after running the simulation for
hundreds of nanoseconds they merged with each other as
shown in Fig. 6(d). The corresponding field lines when two
of these monolayer pieces are about to merge are shown in
Fig. 6(c), which are clearly attractive. After forming one big
monolayer, the total field lines are again ready to attract other
macroions or monolayers as shown in Fig. 6(d).

By investigating the curvature of the different monolayers
in solution, we found that the monolayers are not rigidly flat,
instead their curvature fluctuates most of the time. We hypo-
thesize that the non-rigidity nature of the monolayers may
allow the electric field to curve the monolayers and ultimately
form the well-known blackberry structure.
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Fig. 6 Electric field around a macroion or a monolayer. (a) Two single
negatively charged macroions brought next to each other. (b) As in (a) but
surrounded by counterions, before forming a stable dimer. (c) Two
monolayers of Fig. 5(a) close to each other and (d) after the two mono-
layers have merged as one. The arrows show the direction of the field lines,
and the colours manifest the strength of the electric field.

3.5. Effect of subnanometer Co-ions on macroions self-
assembly in solution®®

In all the results reported above, the counterions played a
crucial role in the self-assembly of macroions in solution and
their role is well-understood. The role of co-ions, ie., ions
carrying the same type of charge as the macroions, in the
self-assembly of macroions is relatively less explored. Logically,
when the co-ions become bigger, their impact on the macroions
should increase. Experiments revealed that subnanometer
co-ions can significantly reduce the size of the blackberry
structure.”® When the sizes of the co-ions become comparable
with the size of the original macroions, they behave like
another type of macroion. In such case there are two different
types of macroions coexisting in solution and they would assem-
ble individually - by following the rule of self-recognition for
macroions.””*® Based on these observations, the hypothesis from
the experiments was that the presence of the co-ions weakens the
attraction between macroions in solution.

To verify the experimental hypothesis using our CG model
through simulations, the macroions and the subnanometer co-
ions were represented by a 2.5 nm and a 1 nm hollow sphere,
respectively, with same charge types.’® Three systems: system 1
containing only macroions in solution, system 2 containing
only co-ions in solution, and system 3 containing both co-ions
and macroions in solution were simulated.

As shown in Fig. 7(a) and (b), the macroions do self-
assemble into 2D monolayer structure, as expected, while the
co-ions never co-assembled even at a dimer scale and were well-
dispersed in the solution. The mixture of the two, however,
resulted in both the macroions and co-ions self-assembling
together as shown in Fig. 7(c). The simulations revealed that

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Self-assembly of co-ions and macroions in solution. (a) self-
assembled structure of system 1 (with no co-ions), (b) co-ions do not
self-assemble by themselves (system 2), and (c) macroions and co-ions
self-assemble together (system 3).

the co-ions that are dispersed in the structure increase the
distance between adjacent macroions, thus weakening the
attraction between them as hypothesized based on the experi-
mental results. Furthermore, the co-ions increase the curvature
of the self-assembled monolayer significantly, as shown in
Fig. 7(c), implying a smaller size full spherical assembly as also
observed in the experiments.

These preliminary results clearly demonstrate the validity
of our CG model which correctly captures that co-ions do not
self-assemble by their own. Further, in accordance with the
above experimental observation, the co-ions do co-assemble
with macroions and result in increasing the curvature of the
monolayer that ultimately forms the blackberry structure.
We also found from our simulations that the co-assembled
system is thermodynamically favorable and lowers the system
free energy. The self-recognition behavior has not been
observed in subnanometer co-ions since these co-ions cannot
self-assemble by themselves to lower the system free energy.
Therefore, to minimize the system free energy, the co-ions must
co-assemble with macroions. When the co-ions size becomes
comparable with that of the macroions, they exhibit self-
recognition behavior and assemble by themselves without
interfering with the macroions self-assembly.

The experimental results point to two parameters, co-ion
size and long-range electrostatic interactions, to be the main
players in the self-recognition process. This can be replaced by
one parameter, charge density of the co-ions. Future investi-
gation on the role of co-ions will focus on: (i) the effect of
charge density of the co-ions, which can be varied by both
changing the size of the co-ion and also surface charge
density, on the self-recognition and self-assembly of macro-
ions, (ii) the effect of counterions, such as monovalent,
divalent and trivalent, on the self-recognition and self-
assembly of macroions, and (iii) the distribution of co-ions
in the co-assembly. Furthermore, information about the accu-
rate distribution of the co-ions in the co-assembly is lacking
from both experiments and simulations. In the preliminary
simulation results presented in Fig. 7(c), the number of
macroions and co-ions in the system is too small to make a
conclusive statement about the co-ions distribution in the
co-assembly. In the future, much larger system sizes, at least
four times larger than this preliminary investigation, will be
simulated to elucidate the distribution of the co-ions in the
co-assembled monolayer structure.

This journal is © The Royal Society of Chemistry 2022
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4. Conclusions and perspectives

Our ongoing research and emergent results briefly discussed
above have pointed to a promising and fruitful direction on the
self-assembly behavior of macroions in solution. There are
many directions for the community working on self-assembly
of macroions to pursue. There remains much phenomenology
to experimentally explore. Meanwhile, molecular dynamics
simulations can prove or disprove several hypotheses that have
been already proposed by experiments pertaining to the self-
assembly of macroions in solutions. While our recent simula-
tion results have answered several outstanding questions
related to the nature of macroions self-assembly in solution,
they are just the tip of the iceberg compared to the amount of
experimental data that need to be understood. Our recent
simulation and experimental results from our experimental
collaborator and other research groups show that the self-
assembly of macroions depends on the macroionic size, charge
density, and concentration. Experimental results also show that
the polarity of the solvent and the valence of the counterions
also determine the self-assembly behavior.”” Furthermore, the
self-assembly process can be significantly altered by covalently
attaching hydrophobic molecules to the macroions. In the
future, simulations are expected to conclusively explain the
role played by the different components that exist in macro-
ionic solutions.
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