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ABSTRACT: Electrostatically coassembled micelles constitute a versatile class
of functional soft materials with broad application potential as, for example,
encapsulation agents for nanomedicine and nanoreactors for gels and inorganic
particles. The nanostructures that form upon the mixing of selected oppositely
charged (block co)polymers and other ionic species greatly depend on the
chemical structure and physicochemical properties of the micellar building
blocks, such as charge density, block length (ratio), and hydrophobicity. Nearly
three decades of research since the introduction of this new class of polymer
micelles shed significant light on the structure and properties of the steady-state
association colloids. Dynamics and out-of-equilibrium processes, such as
(dis)assembly pathways, exchange kinetics of the micellar constituents, and
reaction-assembly networks, have steadily gained more attention. We foresee
that the broadened scope will contribute toward the design and preparation of
otherwise unattainable structures with emergent functionalities and properties. This Viewpoint focuses on current efforts to study
such dynamic and out-of-equilibrium processes with greater spatiotemporal detail. We highlight different approaches and discuss
how they reveal and rationalize similarities and differences in the behavior of mixed micelles prepared under various conditions and

from different polymeric building blocks.

ixing of two aqueous solutions of oppositely charged of which depends markedly on the ionic strength of the

macromolecules may induce a liquid—liquid phase solution. A polyelectrolyte chain is surrounded by a cloud of its
separation known as complex coacervation.' The two resulting counterions. At low ionic strength, the concentration of ions
liquids differ in the concentration of both polyelectrolytes: surrounding the polyion is high compared to the bulk ion
while the dilute phase is depleted in the macromolecules, the concentration. The large Debye length leads to dilute
dense, complex coacervate phase is enriched in both. This counterion clouds as a compromise between Coulombic
phase separation is driven by the combination of attractive attraction and the counterion entropy. Upon addition of an
Coulombic interaction and entropic gain arising from the oppositely charged polymer, tight complexation brings the
release of counterions.” The relative contribution of these charges closer together (Coulombic attraction; exothermic)

and the counterions are released into the solution (entropy
gain). On the other hand, at high ionic strength, the
counterion clouds are denser, so that addition of, and
complexation with, the second polymer becomes endothermic.
Still, the entropy gain from counterion release results in a net
energy gain for complex formation. However, above a critical
salt concentration the net driving force for complexation
vanishes and complex coacervation no longer takes place.

driving forces is highly dependent on constituent chemistry
and physical parameters such as salt concentration. Advanta-
geously, macroscopic phase separation can be restricted to the
nanometric scale to create mixed association colloids through
the conjugation of an uncharged, soluble polymer block to
either one or both of the charged macroions.” The resultant
hydrocolloids are often micelles with a complex coacervate
core surrounded by a neutral corona (Figure 1A). These so-
called complex coacervate core micelles’ (C3Ms) have also
been coined polyion complex’ (PIC) micelles and interpolye- Received: November 6, 2020
lectrolyte complex’ (IPEC) micelles. Accepted:  January 5, 2021
Thermodynamic aspects of complex coacervation have been Published: January 11, 2021
covered extensively by others’™'” to which we refer the
interested reader for a more in-depth description. Briefly, both
enthalpic and entropic contributions may be significant, each
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Figure 1. (A) Complex coacervate core micelles were formed from a
cationic-neutral dbp and anionic hp. At f, ~ 0.3, a single hp binds
multiple dbps and increasing f, toward 0.5 leads to the formation of
condensed C3Ms. (B) Hydrodynamic radii and intensity, corrected
for dilution, obtained from light scattering, both increase with
increasing f,. (C) Photoluminescence (PL) spectra with increasing f,
(following arrows) display a shift in vibronic bands (from I to II) as a
result of assembly into micelles. Adapted and reproduced with
permission from Cingil et al.** Copyright 2016 Wiley-VCH Verlag
GmbH & Co.

Besides the salt concentration, the chemical nature of the
components can affect the energy balance. In addition to
electrostatic interactions, hydrophobic interactions and hydro-
gen bond formation are often contributing driving forces."®
Coacervation of polyelectrolytes that exhibit these additional
interactions enhances the entropic and enthalpic contributions
of complexation, resulting in an elevated critical salt
concentration,' >

The growth of micellar complex coacervates is limited to
mesoscopic dimensions, provided that sufficiently long neutral
solubilizing chains are attached to the polyelectrolyte chains.
Neutral blocks shorter than the charged blocks to which they
are conjugated usually do not suffice for micellization and
instead often lead to precipitation.” The size of the resultant
C3Ms is dictated by the same physical laws that govern the
dimensions of other micelles. The free energy of the surface
created by the phase separation drives the growth of the core,
while the concomitant stretching of both the corona- and core-
forming blocks tends to limit the micellar dimensions. The
interplay between these factors determines the size-dependent
free energy gain associated with micellization and thus the
mean aggregation number and size of the C3Ms in equilibrium.

168

Over the last decades, numerous studies have shed light on
the different types of coassembled micelles formed via complex
coacervation of (block) copolymers and oppositely charged
components.””" C3Ms can be constructed by combining ionic-
neutral diblock copolymers (dbp) with a plethora of oppositely
charged species, including linear and branched (synthetic)
polyelectrolytes, polysaccharides,”> DNA,** proteins,”* pep-
tides,”> dendrimers,”® multivalent ions,”’”*’ and metallic
complexes.’® Their application potential spans from materials
science to nanomedicine and is largely dependent on the
chemical nature of the constituent and embedded building
blocks. Encapsulation of biomolecules, such as DNA, RNA,
and proteins, for protective delivery and controlled release
purposes is one of the most active areas of fundamental and
applied research on C3Ms.'"'*?*"** Documented benefits of
this supramolecular compartmentalization include enhanced
stability in the bloodstream,” specific targeting,”** and
increased cellular uptake.”> C3Ms have also been used as
confined reaction environments to produce nanoreactors and
templates for the formation of, for example, nanogels36 and
inorganic nanoparticles.”” Their intrinsic hydrophilicity,
responsivity, and versatility make C3Ms an exciting class of
waterborne polymer materials. Water contents up to 77% have
been reported for complex coacervates,”® "’ in stark contrast
to the cores of amphiphilic micelles, which contain only small
amounts of water. Such high levels of hydration yield a suitable
environment for the encapsulation of fragile, water-soluble, and
charged compounds. The micellar carriers can be programmed
to release their cargo upon changes in pH,"" ionic strength,*
temperature, and chemical triggers, such as sugars.*’
Dimensions, morphology, stability, and many other phys-
icochemical and functional properties are tunable through
environmental cues and composition.

The phase behavior of C3Ms has been extensively mapped,
describing the influence of diblock copolymer (dbp) and
homopolymer (hp) length, charge mixing ratio, and total
concentration, as well as the role of ionic strength, on the final
assembly."***~* In addition to steady-state properties, it is of
great interest to investigate the pathways that govern C3M
association and dissociation. Understanding what structures
form as soon as the components are mixed and monitoring
their temporal evolution to the final associated state can both
provide fundamental insights on (self- and co)assembly
processes in living and synthetic systems, as well as aid the
design of (nano)structured functional materials. Complexes
pass through various intermediate states before relaxing to the
lowest energy state. The time scales of these relaxation
processes vary dramatically between systems of different
chemical nature and ionic strength. Kinetic traps may stall
this structural evolution or prevent access to the equilibrium
state altogether.

Similarly, coassembly at high (salt) concentration, followed
by dilution, can produce other colloidal obg'ects than those
directly prepared at low (salt) concentration.”’ Moreover, the
order of dbp/hp addition and incomplete or slow mixing alter
the assembly and equilibration pathway of complex coac-
ervates, which may significantly impact their structure and
properties.”' ~>* While the spatial and temporal resolution
required to monitor these processes was previously unattain-
able, recent advances in experimental tools now allow a closer
look at (dis)assembly pathways, equilibration, and reaction-
assembly networks in situ. We can benefit from this
opportunity and better control the formation of, for example,
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kinetically trapped states to build a more extensive library of
(nano)structured materials from the same building blocks. In
this Viewpoint, we highlight recent developments and discuss
exciting new research directions, focusing on dynamic and out-
of-equilibrium processes, such as association and dissociation
kinetics, pathway complexity, exchange dynamics, and
reaction-assembly networks.

B STEADY-STATE PROPERTIES

Complex coacervate core micelles form at (near-)charge
stoichiometric compositions when the concentrations of
positively and negatively chargeable monomers (n,, n_) are
balanced. The composition where C3Ms are most abundant is
referred to as the preferred micellar composition (PMC). For
polyelectrolytes with a comparable degree of dissociation, ¢,

n . .
- — = (.5, which is
no+n_

the PMC typically corresponds to f,

equivalent to :—" = 1.0. The PMC is pH-dependent and may

deviate significantly from f, = 0.5 when weak polyelectrolytes
with a pH-dependent charge density are used to prepare the
C3Ms. A commonly employed, alternative notation for the
composition of DNA-carrying C3Ms is the phosphate-to-
amine molar ratio P/N, which is not to be mistaken for the
molar ratio of negative to positive charges, N/P. For clarity, we
will use f, throughout this Viewpoint.

The morphology and size of C3Ms are dependent on the
architecture of the polymeric components, their (relative)
1engths,54 mixing fraction,> and various other factors.”*® The
ratio between the lengths of the corona- and core-formin
blocks of the dbp, N.o,ona/Neores and solution ionic strength4
can be used as efficient handles to tune the morphology of the
coassembled colloids. A transition from spherical (N q;ona/Neore
> 0.9-1.0) to wormlike micelles (WLM) to vesicular
structures (Ngrona/Neore < 0.1—0.2) is anticipated with
decreasing N ona/Neore under otherwise similar conditions.”*
Vesicles can be prepared from diblock copolymers with very
short neutral blocks compared to the length of the charged
blocks. Spherical C3Ms grow larger in size upon an increase in
the overall molecular weight of the constituent diblock
copolymers. This is mostly due to the increased length of
the core-forming block, while the length of the corona-forming
block plays only a minor role.*>** The size of C3Ms composed
of a single dbp and an oppositely charged homopolymer (S-
C3Ms) is also virtually independent of the length of the
homopolymer*® and dendrimer generation in dendrimicelles.*®
This insight has been exploited to custom-tailor the number of
dendrimers encapsulated per C3M.*°

The chemical nature and composition of the constituent
polymers also affect micellar stability, which is compromised at
high ionic strengths. This is because the cohesive interactions
between oppositely charged chains weaken at elevated salt
concentrations. The salt effectively acts as a plasticizer and,
whereas the core may be glassy in the absence of salt, it
liquefies at elevated salt concentrations.> Most C3Ms thus
completely disassemble once a certain ionic strength is
surpassed. This critical ionic strength (I, also c,,) not only
depends on the types of polyions,"™"” but also on their
(relative) length.* Harada and Kataoka reported already in
1999 that pairs of oppositely charged block copolymers with
equal cationic and anionic block lengths formed large C3Ms
with a clearly separated core and corona. Mixing dbps of
unmatched polyelectrolyte block lengths instead produced
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only the smallest possible neutral complexes.”® Van der Burgh
et al. realized that the core-forming blocks should not be too
long compared to the corona-forming blocks to avoid
macroscopic phase separation.46 A N_iona/Neore > 3 was
suggested to mitigate precipitation. Hofs et al. compared
double dbp C3Ms (D-C3Ms) with S-C3Ms.” The S—C3Ms
were found larger (Ry; = 26 nm) and more resistant to salt (I,
> 50 mM NaNO;) than the D-C3Ms (Ry = 18 nm, I, = 50
mM NaNO;). Since the cationic homopolymers were longer
than the cationic blocks of the positively charged dbp, the
observed differences may originate from several effects, such as
increased crowding and shorter core-forming blocks in the D-
C3Ms. Van der Kooij et al. showed that the critical ionic
strength for S-C3Ms increases for longer (anionic) homopol-
ymer chains until a plateau value is reached.* Similarly,
increasing the cationic block length of cationic-neutral dbps*®
and dendrimer generation56 leads to higher salt resistance.

Light scattering is a convenient tool to monitor the
(dis)appearance of C3Ms. The static scattering intensity is
proportional to the weight concentration and mean mass of the
scattering objects. As f, is varied, a pronounced peak develops
around charge stoichiometric conditions, which reveals the
PMC at which the highest number of micelles is found. Based
on these observations, Van der Burgh et al. proposed a
speciation diagram, which describes the formation and
disintegration of C3Ms into individual (co)polymers and
small complexes, so-called soluble complex particles (SCPs), as
a function of f,.** Recently, the formation and evolution of
these SCPs into micelles was studied in detail by Cingil et al.
by harnessing the optical response of mechanochromic
polymers with distinctly different fluorescence profiles in
monomeric, complexed, and condensed states (Figure 1).> To
this end, a conjugated anionic homopolymer was mixed with a
cationic-neutral dbp at varying mixing ratios from f, = 0 up to
f. = 0.65 (Figure 1A). In the absence of the copolymer at f, =
0, the molecularly dissolved mechanochromic polyanion
emitted blue light (I in Figure 1C). Upon an increase in f,
from 0 to just below 0.3, the polyanion is stretched as it binds
the added cationic-neutral dbp in a bottlebrush-like manner.
The formation of these complexes isdetectable by an increase
in scattering intensity and hydrodynamic radius (Figure 1B)
and a decrease in photoluminescence intensity (Figure 1C). A
further increase beyond f, = 0.3 led to the condensation of
multiples of these SCPs into larger micelles, as deduced from
the emergence of new vibronic bands (II in Figure 1C). These
appeardue to several mechanochromic polymer chains being in
close proximity of each other within the multimolecular
micellar core. We anticipate more insightful studies on the
micellar state diagram, which has hitherto received little
attention, using (single-molecule) fluorescence tools and other
advanced characterization techniques.

B ASSOCIATION AND DISSOCIATION PATHWAYS

Whereas the steady-state structure and properties of C3Ms
have been widely investigated, much less is known about the
(dis)assembly pathways, structural rearrangements within the
(transient) complexes, chain exchange between micelles, and
morphological transitions. The few studies that focus on these
processes give a glimpse of the involved intricacies and reveal
the untapped potential to exploit kinetic handles to create
structures that are inaccessible through other means.

Most of the kinetic studies on C3Ms have focused on
micellization pathways. In general, we distinguish between two

https://dx.doi.org/10.1021/acsmacrolett.0c00787
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main mechanisms, fusion-fission and expulsion-insertion,
through which initially formed transient (metastable) com-
plexes may rearrange into steady-state (micellar) super-
structures (Figure 2). Fusion-fission pertains to the emergence
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Figure 2. Schematic of the pathway for C3M formation: initially
formed transient structures rearrange into smaller complexes, which
equilibrate to steady-state C3Ms via (a combination of) three
relaxation mechanisms. Adapted with permission from Amann et al.*®
Copyright 2019 American Chemical Society.

of thermodynamically favored structures due to the breakup
and merger of “embryonic” complexes. Alternatively, steady-
state aggregates may arise upon (many) expulsion and
insertion events of constituent building blocks, either in
unimeric form, as ion pairs, or as small soluble complexes.
Which mechanism, fusion-fission or expulsion-insertion,
dominates under which conditions is yet to be discovered.

Prior to the emergence of a new (condensed) phase, a
transient, liquid—liquid phase separation is observed in a
variety of processes, including protein crystallization,*’
mineralization,”’ and the formation of polymersomes.®”
During C3M formation, such transient structures were first
reported by Cohen Stuart et al,, in a pioneering light scattering
study. They reveal that micellization occurs within seconds
after the mixing of poly(IN,N-dimethylamino ethyl methacry-
late);5-co-poly(glyceryl methacrylate),os (PDMAEMA-co-
PGMA) and poly(acrylic acid),ss (PAA), but is preceded by
transient, macroscopic phase separation.”
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Using state-of-the-art techniques, Lund and co-workers
recently studied the early stages of S-C3M formation,
combining stopped-flow mixing with a 2.6 ms dead time,
with time-resolved small-angle X-ray scattering (trSAXS)
experiments with an impressive time-resolution of § ms.”?
These trSAXS experiments also revealed transient structures;
large aggregates with an inhomogeneous charge distribution
formed directly after the mixing of poly(vinylbenzyl
trimethylammonium chloride),-block-poly(ethylene oxide),s
(PVBTA-b-PEO; y = 6, 8, 12, 19) and poly(sodium 4-
styrenesulfonate),o (PSS), which rearranged over the course of
seconds into smaller C3Ms (Figure 2). With increasing
PVBTA block length, the observed transient complexes were
larger and rearranged more slowly. Doubling the PVBTA block
length from 6 to 12 monomers increased the equilibration time
by more than an order of magnitude, from ~100 ms to 30 s.
When the cationic block length was further increased from 12
to 19 (matching the oppositely charged PSS block), the
observed nonequilibrium state became kinetically frozen, since
no relaxation occurred over time. Instead of single micelles,
pearl-necklace types of clusters were found from fitting the
scattering profile, and in time, the initially turbid solution
phase-separated macroscopically. The authors relate this effect
to multivalency. A dbp with a long ionic block has a lower
dissociation probability than a dbp with a shorter one, as more
noncovalent bonds must be broken for expulsion from the
complex. Consequently, the ionic-neutral dbp exchange rate
decreases significantly with an increasing degree of polymer-
ization of the ionic block.

Looking further into the relaxation kinetics, the authors
observed two processes with different rate constants (Figure
2). The fast process (k; ~ 10 s™') involves chain rearrange-
ments in the large aggregates leading to smaller clusters with a
more homogeneous charge distribution. The slow process (k,
~ 0.3 s7') is related to the reorganization into equilibrium
micelles. Interestingly, this second, slow relaxation process was
concentration-independent, suggesting that the equilibration is
driven mainly by the exchange of polymer chains rather than
fusion and fission of (pre)micelles. Tirrell and co-workers
conducted time-resolved SAXS experiments on longer dbps
(PVBTA;-b-PEQ,, and PVBTA,4(-b-PEO,,s) mixed with the
weak polyelectrolyte PAA,s,.°* In good agreement with their
molecular dynamics simulations, the trSAXS experiments
showed charge-neutral clusters formed within the 100 ms of
experimental dead time, which rearranged into small
equilibrium micelles (R = 10 nm) within a matter of seconds.
The kinetic profiles also suggested that micellar fusion—fission
events are unlikely. Conflicting, however, with the earlier
findings of Cohen Stuart and Lund is the lack of larger charged
aggregates in the first few ms after mixing. The Tirrell team
attributes this dissimilarity to the different nature (weak vs
strong) of the polyanion, but additional interactions may also
play a role here. For example, 7—x stacking interactions may
occur between the phenyl rings of the core-forming blocks in
S-C3Ms composed of PVBTA-b-PEO/PSS, while these are
absent in the S-C3Ms comprising PVBTA-b-PEO and PAA.
The more hydrophobic character of PSS compared to PAA
may further enhance the cohesive interactions within the
micellar core of PSS-bearing C3Ms relative to PAA-bearing
C3Ms.

Since the ionic strength influences the balance of driving
forces for C3Ms formation, Zhang et al. investigated the
impact of salt on the relaxation from transient to stable

https://dx.doi.org/10.1021/acsmacrolett.0c00787
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structures by stopped-flow mixing in combination with time-
resolved static light scattering (trSLS) experiments.6S The D-
C3Ms were composed of two ionic-neutral copolymers with
pH-independent charge density, namely, quaternized poly-
(N,N-dimethylaminoethyl methacrylate),; (PQDMAEMA)
and PSS,;, each connected to PEO, 5 in a blockwise manner.
The largest C3Ms with the lowest dispersity were found
around charge stoichiometry. In the first few milliseconds after
mixing at 0.47 < f, < 0.52, an increase in scattering intensity
was observed, which plateaued within 0.4 s. This observation
was interpreted as the formation of small complexes and their
subsequent equilibration into stable C3Ms within the first
second after mixing. The addition of salt to as much as 0.2 M
NaCl slowed the relaxation, since it took up to twice as long to
reach a plateau in scattering intensity. Higher salt concen-
trations screened the electrostatic interactions to such an
extent that less and looser complexes formed (i.e., containing
more water and ions). Interestingly, at low ionic strength, the
rate constant of the initial relaxation from small complexes to
larger micelles increased linearly with increasing dbp
concentration, suggesting a significant contribution of micellar
fusion-fission events. They conclude from this observation that
expulsion-insertion events must be unfavorable under their
conditions. These findings contrast with those of Lund and co-
workers, who detected the transient formation of larger (not
smaller) aggregates prior to micellization of PEO-b-PVBTA/
PSS. This might originate from additional interactions, such as
m—m stacking for PVBTA and PSS, which are absent in C3Ms
composed of PQDMAEMA and PSS. Moreover, Zhang et al.
studied D-C3Ms (PQDMAEMA ,4-b-PEO;;; and PSS,,-b-
PEO,;), while Lund and co-workers investigated S-C3Ms
(PVBTA,y-b-PEO,4 and PSS,). Next, salt-induced dissocia-
tion kinetics were investigated by Zhang et al.”* Upon a step
increase of the salt concentration above the ¢, the C3Ms
disassemble. Surprisingly, they discovered from a kinetics
analysis that dissociation involved two competing processes: a
second-order, concentration-dependent process and a first-
order, concentration-independent process. In contrast, micel-
lization occurred via a single, second-order mechanism,
deeming insertion—expulsion events unfavorable. The differ-
ence is explained by the screening of charges from the added
salt in the dissociation process, lowering the energy barrier for
polyion chains to fully unbind and allowing unimers to be
expelled. The mechanism of dissociation, therefore, consists
both of micellar fission (second-order) and chain insertion—
expulsion (first-order) events.

The difference between relaxation routes for S-C3Ms versus
D-C3Ms, as described above, is best understood when other
factors are kept constant. In a fascinating study on striking
differences in morphology and equilibration times between
(otherwise similar) D-C3Ms and S-C3Ms, very slow relaxation
was observed by Shah and Leon.®® Wormlike S-C3Ms formed
upon complexation of the anionic-neutral poly(acrylic acid) -
block-poly(N-isopropylacrylamide),, dbp (PAA,y-b-PNI-
PAM,,) with poly(L-lysine)s, (PLL), while the corresponding
D-C3Ms, with PLLgy-b-PEO,;; instead of PLLy, were
spherical. Moreover, the S-C3Ms took almost 20 h to reach
a steady-state, while the D-C3Ms relaxed within 6 min, which
the authors attribute to the difference in micellar morpholo-
gies.

An often-employed method to ascertain whether coas-
sembled micelles are equilibrium structures or not is to
examine whether the steady-state structure and properties are
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identical regardless of the assembly path and processing
conditions. To this end, Tirrell and co-workers investigated the
dimensions of D-C3Ms prepared from PVBTA,,-b-PEO,,,
and PSS,0)-b-PEO,,, via two distinct pathways.”” In their
direct dissolution method, polymer solutions of the desired salt
concentration are mixed, while the salt concentration is raised
postmixing in the salt annealing method. Such an approach is
quite unusual compared to other studies, where instead salt is
added at first and removed by means of, for example,
dialysis.”"">* Interestingly, the direct dissolution resulted in a
narrow distribution of C3Ms with a small size (Ry = 25 nm),
which broadened over the course of months. Contrastingly,
larger complexes (R = 100 nm) were initially observed after
salt annealing, which over time equilibrated into smaller C3Ms
(Ry = 25—30 nm). These observations indicate that, upon
mixing the oppositely charged polymers in the absence of salt,
the attractive interactions are so strong that kinetically trapped
complexes form in which part of the PEO blocks are possibly
buried. The subsequent addition of salt enables the rearrange-
ment of these complexes into thermodynamically favored
smaller micelles, with a coacervate core and PEO corona. Their
observations are a good example of how the conditions of
preparation dictate the formation of transient structures.
Kinetically trapped structures may on the one hand present
an obstacle, but could on the other hand provide otherwise
inaccessible nanostructures. Looking at the coassembly process
with high spatiotemporal detail is therefore of great
importance.

Tirrell and co-workers investigated the processes involved in
salt-induced C3M dissociation using complementary trSLS
experiments and theoretical modeling.”® Upon elevation of the
salt concentration, from no added salt to 0.5 M NaCl, the
micellar radius was increased, within the measurement dead
time of 1 s. Next, a steep drop in intensity, along with a
decrease of the radius, is observed, and finally, the intensity
plateaus. Their theoretical model, derived from complex
coacervate scaling laws, disentangles the dissociation process
into three stages. The model first predicts that the observed
increase in micellar radius is the result of an uptake of more
water and ions. In a second step, the micellar cores start to
break apart, while fission is favored over unimer expulsion in
this process. This outcome concurs with the steep decrease in
intensity, as would be expected for micelles breaking in two
rather than slowly losing small amounts of polymer via
expulsion. The final stage described in the model is the
complete separation of the coronas of these newly formed
complexes, which occurs with a negligible relaxation time,
accompanied by an entropy increase.

B MORPHOLOGICAL TRANSITIONS

Time-resolved experiments are not only useful to study the
formation and dissociation of C3Ms, but also to understand
how one micellar morphology transforms into another upon
variations in, for example, composition, temperature, and salt
concentration. For micelles assembled from amphiphiles, such
transitions are typically induced by changes in temperature and
upon cosolvent addition, which affect the solvency and hence
the effective packing parameter of the amphiphiles. C3M
morphology is further tunable through variations in mixing
fraction and salt concentration, which impact the electrostatic
interactions between the constituent building blocks and,
hence, the micellization free energy.

https://dx.doi.org/10.1021/acsmacrolett.0c00787
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Takahashi et al. have shown how a dbp excess can induce a
vesicle-to-micelle transition for D-C3Ms comprising the jonic
blocks poly(sodium 2-acrylamido-2-methylpropanesulfo-
nate),o; (PAMPS) and poly(3-methacryloylaminopropyl tri-
methylammonium chloride),;; (PMAPTAC) in the micellar
core and the short zwitterionic block poly(2-methacryloyloxy
ethyl phosphorylcholine),, (PMPC) in the corona.”” Because
N_orona/ Noore ~ 0.1, vesicles form (d = 200 nm in 0.1 M NaCl)
near charge stoichiometry. When one of the dbps is added in
excess (f, = 0.4 or 0.8), the vesicles transform into smaller
spherical micelles (d = 44 nm). This transition is reversible
upon addition of the minority dbp to restore charge
stoichiometry. In a follow-up study, the authors prepared
wormlike D-C3Ms from PAMPS,44-b-PMPC,, and PMAP-
TAC,5-b-PMPC,, at f, = 0.55 (d = 35 nm in 0.01 M NaCl).*’
TrSAXS reveals that these cylinders break down into smaller
micelles with the same diameter over a time of 150 s upon
addition of excess PAMPS o5-b-PMPC,, to reach f, = 0.35.
Two scenarios have been proposed for such worm-to-sphere
transitions. The end of the cylindrical micelles could pinch off
to release spherical micelles, or the WLM may breakup
stochastically at any location. The first scenario has been
observed 7previously for cylindrical micelles of amphiphilic
polymers.”’ Takahashi et al., however, find that these WLMs
dissociate into spherical C3Ms through random scission along
the length of the cylinders, since a steep drop in intensity is
observed, consistent with breakup of the cylinders into smaller,
spherical micelles. The structural transition is reversible upon
addition of PMAPTAC,y.-b-PMPC,, to restore f, = 0.55.
Moreover, the sphere-to-cylinder transition is slower than the
cylinder-to-sphere transition. First, within the 2.5 ms
experimental dead time, short cylindrical micelles form in
coexistence with the already present spheres. Then, the growth
of these nascent cylinders is a slow process, with almost no
observed change for the first 10 min and taking up to a full day
to reach a steady state. This marked difference for the reverse
transition is attributed to a high activation energy associated
with slow cylinder growth.

Because of the influence of salt on the interaction strength of
C3Ms, tuning the ionic strength presents another handle to
transition between morphologies. Van der Kooij et al. reported
on the morphological transitions observed at elevated salt
concentrations (cy,c > 0.1 M) for mixed micelles containing
PAA and poly(N-methyl-2-vinylpyridinium iodide),;-block-
poly(ethylene oxide),o, (PM2VP,,-b-PEO,,).*”* For relatively
short homopolymer chains (Nps4 < S0), a transition from
spherical micelles to more elongated structures is observed,
before the micelles finally disintegrate above the critical ionic
strength. Such a morphological transition is absent in C3Ms
carrying long homopolymer chains (Nps, < 130) and was
attributed by the authors to the entropic penalty originating
from stretching of the polyanion chain.

Transitions between morphologies can also be induced upon
changes in temperature due to the thermoresponsive building
blocks of C3Ms. An established example is the use of poly(NN-
isoproylacrylamide) (PNIPAM or PNIPAAm) as a neutral
block, which has a lower critical solution temperature (LCST
~ 32 °C). As such, increasing the temperature of aqueous
solutions of D-C3Ms of PAA,y-b-PNIPAM,, and PLLg,b-
PEO,;; above this LCST induced a (partially) reversible
transition into core—shell—corona structures.”® Contrastingly,
the PAA,y-b-PNIPAM,,/PLL;, system undergoes aggregation
of the (wormlike) S-C3Ms. Then, upon cooling, these
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rearranged into spherical C3Ms with larger dimensions than
those observed prior to heating. Contrary to an earlier study by
Voets et al. on D-C3Ms of PAA-b-PNIPAMgg and PM2VP ;-
b-PEO,;;,”" Shah and Leon deduced that the coacervate
remained in the core that, at T > LCST, is covered by
collapsed PNIPAM chains.® The core—shell—corona struc-
tures reported by Voets et al. contained instead a PNIPAM
core with a coacervate shell.

B EXCHANGE DYNAMICS

Exchange of material between (pre)micelles is of great
importance to achieve equilibration of the nanostructures
and their properties. Systems might be kinetically trapped and
unable to equilibrate when the exchange rates of the building
blocks are very low, thus, we may not observe a transition on
the experimental time scale. Species that can be exchanged
include unimers, ion pairs, and small neutral complexes. Both
the rate of exchange as well as the nature of the exchanging
species impact the level of protection offered by the C3Ms
upon encapsulating sensitive components. For example,
(therapeutic) proteins and polynucleotides encapsulated with-
in S-C3Ms (i.e., being C3Ms comprising dbp complexed with
proteins, DNA, or RNA with or without auxiliary hp) are
transiently exposed during material exchange between these S-
C3Ms if the predominant exchange mechanism is expulsion—
insertion of either small neutral complexes or individual
constituents. In vivo, this transient solvent-exposure would
render the water-soluble, biomacromolecular cargo packaged
within C3Ms more vulnerable to degradation by proteases or
nucleases than hydrophobic cargo encapsulated within
amphiphilic systems. On the other hand, if fusion—fission
processes dominate exchange, shielding may remain sufficient
to offer the required protection of the cargo. Understanding
how relative rates of expulsion—insertion and fusion—fission
events depend on the properties of the building blocks greatly
aids the design of, for example, encapsulation agents for
nanomedicine. Since the exchange is dependent on the relative
interaction strength, factors such as (changes in) salt
concentration will influence the type and rate of exchange.
Displacement of charged macromolecules from complexes by
competitive species (i.e, polyelectrolyte chains of similar
nature, but different length, compared to those in the complex)
was studied by simulations and shown to be faster for larger
competitive species, as well as at higher salt concentration.””
Such factors must be considered in the choice of polymeric
components.

To monitor the dynamic properties of protein—polymer
C3Ms, Nolles et al. prepared spherical C3Ms with a radius of
35 nm at pH 9 from fluorescent proteins (FPs) with a net
negative charge of approximately —10 and PM2VP ,4-b-
PEO,,,.”* Both the formation of C3Ms and the exchange of
material between micelles occurred via association and
dissociation of small, near-neutral protein—polymer complexes
(i.e., SCPs) consisting of 1 dbp and around 10 FPs. To track
the exchange of FPs between the micelles through Forster
resonance energy transfer (FRET), the authors mixed solutions
of C3Ms with either donor or acceptor FPs. When the two
types of proteins were mixed and confined in the micellar core,
a high FRET signal is observed, while it is reduced in the case
of smaller complexes. The coexistence of these small
complexes and the C3Ms presents a vulnerability of the
protein cargo, when intended for delivery in vivo. Moreover,
increasing the salt concentration from 0 to 20 mM, the
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reduction in FRET signal indicated that almost half of the
C3Ms had dissociated, possibly into small complexes. Such
poor salt stability makes them unsuitable for use under
physiological conditions, corresponding to an ionic strength
around 140 mM. The stability can be improved to overcome
this impediment to biomedical applications, through the
incorporation of auxiliary homopolymers,”*”® protein super-
charging,”® tethering of charged polypeptides,”’ complemen-
tary nonelectrostatic interactions,”® and cross-linking of the
polymeric shell.’””® The impact of these strategies on
exchange dynamics and loading efliciency is yet to be
investigated in-depth.

The ability of polyelectrolyte chains to adapt their
conformation in equilibrated S-C3Ms was investigated by
Murmiliuk et al. using fluorescence quenching experiments.®'
C3Ms were prepared from poly(methacrylic acid);,s; (PMA)
homopolymers tagged with an umbelliferone fluorescent label
at their chain ends and poly[3,5-bis(trimethylammonium
methyl)-4-hydroxystyrene iodide],¢,-block-poly(ethylene
oxide)s,, copolymers (QNPHOS,4,-b-PEOsy,). The system
was designed as such because the QNPHOS will quench the
fluorescence of the umbelliferone, which can occur either
statically or dynamically. In the case of static quenching, a
nonfluorescent complex forms between the dye and the
cationic monomer. Dynamic quenching occurs upon collisions
between the QNPHOS and the umbelliferone in its excited
state, hence, requiring freedom of movement of the
participating species. In the presence of excess PMA, most
fluorescently labeled chains were free in solution or forming
small complexes, leading to low quenching efficiency.
Contrastingly, the equilibrium spherical C3Ms that were
obtained at stoichiometric mixing ratio exhibit both increased
static and dynamic quenching. This is expected for static
quenching since the species are brought in close proximity to
one another. More surprising is the 10-fold increase in
dynamic quenching efficiency. The authors conclude that this
result indicates that the polyelectrolyte chains retain their
mobility inside the core, allowing for collisions between
QNPHOS and the fluorophore.

Macrorheology revealed the major impact of salt concen-
tration, as well as of hydrogen bond formation, on the
relaxation dynamics of viscoelastic, macroscopically phase-
separated complex coacervates.*”*> Rescaling of the rheo-
logical data allowed accessing otherwise unavailable time scales
via salt-time superposition. It would be of great interest to
extend these studies to C3Ms and directly compare the
exchange dynamics of micellar coacervates with the relaxation
dynamics of macroscopic coacervates. Through a quantitative
comparison of experimental results on micellar coacervates
with theoretical descriptions established for macroscopic
coacervates, Van der Kooij et al. deduced that the stability of
macro- and mesoscopic coacervates is similar and much more
dependent on the chain length of the ionic blocks than on the
absence/presence of the solubilizing neutral blocks."*

Li et al. compared the polyion exchange rates for small, off-
stoichiometric, soluble complexes (f, = 0.17) comprising two
homopolymers to those of S-C3Ms with identical ionic blocks
and formed under the same conditions.** Their poly(N-ethyl-
4-vinylpyridinium bromide)ss (PEVPs) formed SCPs with a
16 nm radius when combined with PMA s4,, while C3Ms with
radii of 25 nm were obtained when mixing with PMA 4,-b-
PEO, . Fluorescence quenching as a result of the coupling of
the cationic monomers to fluorescein dyes attached to PMA
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monomers (dye/monomer ~ 1:750) was monitored to extract
polyion exchange rates. Surprisingly, the higher exchange rates
were found for the C3Ms compared to the SCPs. The latter
contain excess PMA chains and thus, free hp chains in solution
have to overcome the repulsive barrier to be exchanged with a
chain in the complex. Nonstoichiometric conditions were
employed in this study to form SCPs instead of macroscopic
complex coacervates. Further studies are needed to elucidate
the similarities and differences in the exchange processes of
stoichiometric SCPs and C3Ms.

Insights from experimental studies help us understand the
relation between the C3M building blocks and their exchange
dynamics. Theory and simulations can complement and
further advance these insights on the one hand and guide
synthesis efforts and experimental design on the other hand
through predictions. Bos and Sprakel employed Langevin
dynamics simulations to study chain exchange between S-
C3Ms composed of cationic-neutral block copolymers and
anionic homopolymers, each with 20 charged monomers. The
main mechanisms, expulsion—insertion and fusion—fission
events, were investigated. Whereas for amphiphilic micelles,
unimers are commonly exchanged between micelles, the
expulsion of a single polyelectrolyte unimer is unfavored.
Instead, for C3Ms, small (near-)neutral complexes are expelled
and inserted. Therefore, the authors find that when the polyion
lengths are exactly matched and thus the smallest neutral
complex consists of only two chains, many expulsion and
insertion events occur. The number of fission and fusion events
is found to be orders of magnitude lower. Importantly,
increasing the nonelectrostatic interaction between the two
polymers significantly decreases expulsion—insertion and
fission, while fusion events seem less affected by it. In contrast
with simulations, experiments often involve polymers with
some dispersity and slight inequalities in (block) lengths. In
their simulations, by varying the ratio between the anionic and
the cationic chain lengths, Bos and Sprakel demonstrated that
the rates of expulsion and insertion steeply dropped. This
effect is attributed to the smallest neutral complex now
consisting of multiple chains, rather than only two. More ionic
bonds have to be broken for the small complex to leave the
micelle, decreasing the probability of expulsion. The number of
fission events does not follow this trend but rather increases for
shorter anionic hps, while increasing for longer hps. From this
result, the authors conclude that the rearrangement of ionic
bonds is more facile for short hp chains. Overall, expulsion—
insertion events were found to dominate the exchange rate,
over fission—fusion events. In the extreme case where the
homopolymer is very long compared to the charged block of
the dbp, micelles with only a few hp chains in the core could
form. Such a situation could lead to a dominance of fusion—
fission events because the smallest near-neutral complexes that
can be expelled are on the order of the size of the C3M.

We anticipate that future work on exchange and displace-
ment dynamics will also exploit contrast variation in small-
angle neutron scattering (SANS). This powerful tool has
revealed a wealth of information on the exchange dynamics of
micelles from polymeric amphiphiles.gs'_89 To this end,
solutions of hydrogenated and (partially) deuterated micelles
are mixed after which the disappearance of their characteristic
scattering profiles due to exchange processes is monitored over
time.”” Harnessing this technique allows the derivation of both
the mechanisms and the rates that govern exchange in C3M
equilibration.
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B MULTIRESPONSIVE C3MS

A principle advantage of mixed micelles is the ease with which
multiple functionalities can be combined within one and the
same association colloid simply through mixing of multiple
types of building blocks. This strategy has been employed to
create multiresponsive micelles, which adapt to external cues
such as pH,”"”” salt concentration,” and temperature.”> ™
Low salt concentrations can be used to plasticize and high salt
concentrations to vitrify the obtained structures, as desired.
This allows for the on-demand reconfiguration and preserva-
tion of structures created using additional cues, such as heat,
even when these are no longer maintained. The use of various
types of (partially) immiscible components creates multi-
compartment micelles comprising mixed cores and demixed
shells”® or, vice versa, demixed cores and mixed shells.” As a
result of demixing of the components, one can obtain Janus
micelles,”” core—shell—corona micelles (i.e, onion-like mi-
celles),”"”*~'% and patchy micelles."”"

Plamper and co-workers investigated the complexation
kinetics of a system that is thermoresponsive, resulting in
different structures based on the temperature of the
assembly.”* The D-C3Ms were prepared from two copolymers,
[PQDMAEMA,,],-star-PEO;;, and poly(vinylsulfonate),;-
block-poly(N-isopropylacrylamide),, (PVS-b-PNIPAM),
where both the ionic blocks and the neutral stabilizing blocks
were of a different type. TrSAXS performed below the LCST
of PNIPAM (20 °C in 0.3 M NaCl) during mixing of the
polymers revealed the formation of C3Ms within 0.13 s, with a
radius of gyration of 8 nm, similar to those of samples left to
equilibrate for days. Above the LCST, the PVS-b-PNIPAM
copolymer is amphiphilic and assembles into micelles with a
PNIPAM core and a highly charged PVS corona. Therefore,
after mixing, these micelles complex with the oppositely charge
polymer-forming multicompartmental micelles. The core—
shell—corona micelles that form in this manner initially possess
a rather stretched PEO corona, which relaxes within half a
minute, via internal rearrangements, along with an increase in
water content of both the complex coacervate and the
PNIPAM core.

Kinetically trapped intermediate states in assembly pathways
markedly slow down or even prohibit access to the minimum
energy configuration. These metastable states often complicate
the robust preparation of equilibrium superstructures with a
well-defined structure and properties. It may also be a blessing
in disguise, as it offers, in addition to thermodynamic handles,
kinetic knobs to tune the structure and properties of mixed
micelles. Owing to the electrostatic interactions governing
polyelectrolyte complexation, salt type and concentration
greatly influence bond strength and dynamics and, con-
sequently, can be used to access dynamic equilibrium
structures or, instead, to create interesting, semipermanent
metastable architectures. The Plamper group exploited this
strategy to obtain kinetically stable, nonequilibrium struc-
tures. "> Careful tuning of the assembly temperature to values
above and below the LCST, followed by a decrease in salt
concentration, allowed them to kinetically trap various
(coexisting) morphologies, including spherical and wormlike
micelles, as well as vesicles, all from the same building blocks.
Subsequent salt addition triggered the rearrangement and
relaxation of these kinetically frozen nanostructures toward
their equilibrium counterparts.
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B REACTION ASSEMBLY NETWORKS

Controlling the transient assembly behavior of amphiphilic
block copolymers during polymerization has undoubtedly
become a new paradigm in material science to produce
nanostructured materials in kinetically arrested states. This
approach, so-called polymerization-induced self-assembly
(PISA), consists of the in situ chain extension of a living
solvophilic polymer via reversible addition—fragmentation
chain-transfer (RAFT) with a (soluble) monomer that forms
a solvophobic block.'”™'% The growth of the second block
drives the assembly of the copolymer into nanoparticles.
Continuous changes in the molecular architecture (i.e., packing
parameters) during the chain extension result in kinetic traps
that are not attainable by simply dissolving these polymers.

Recently, the PISA approach was extended to double
hydrophilic block copolymers by chain extending a charged
block from a water-soluble macromolecular chain transfer
agent (macroCTA) in the presence of an oppositely charged
polyelectrolyte. This new variant was coined as polymerization-
induced electrostatic self-assembly (PIESA).'” Here, complex
coacervation between the homopolymer with the growing dbp
takes place during polymerization. Interestingly, the interaction
between the living polymer and the oppositely charged
polyelectrolytes immobilizes the growing-chain CTAs and,
consequently, slows down the chain-growth rate. In PIESA,
each reaction coordinate in these reaction-assembly networks
thus corresponds to a different distribution of the polymer-
izable ionic monomers over the growing dbp chains and the
solution. Consequentially, both the composition of the diblock
copolymer (N yona/Neore) and of the system (f,) evolve over
time (Note that f, relates exclusively to the chargeable
monomers incorporated within the polymers). This often
results in a gradual change in micellar morphology during
PIESA, provided that the reaction conditions allow for
reconfigurations to take place. These transitions originate
from (at least) three different effects that occur simultaneously
during PIESA. As the monomer conversion increases, (1) the
mixing fraction f, changes, (2) the overall ionic strength is
reduced as the charged monomers (which could act akin to
microions) are depleted upon incorporation within the
growing chains, and (3) the N, on/Neore block length ratio
of the dbp changes. Moreover, the cohesive interactions within
the C3Ms grow stronger with increasing length of the
polyelectrolyte block, which results in more stable structures
and decelerates exchange dynamics.*®

An illustrative example of the variety of assembled structures
usually generated during PIESA due to the temporal variations
in composition is shown in Figure 3. In this PIESA study,
Cai and co-workers employed aqueous RAFT using poly(2-
hydroxypropyl methacrylamide),,s (PHPMA) macro-CTA
with a cationic monomer (2-aminoethylacrylamide hydro-
chloride, AEAM) by irradiation with visible light at 25 °C to
yield a growing chain of PHPMA-b-AEAM in the presence of
poly(sodium 2-acrylamido-2-methylpropanesulfonate)q,
(PAMPS).'”” 1t is important to notice that this reaction
takes place at much higher concentrations (i.e., 25 wt %) than
those generally used to form C3Ms via direct mixing and that
there is a 2-fold excess of AEAM compared to the AMPS
monomer concentration. Here, spherical C3Ms form at
monomer conversions well below 50% conversion (non-
stoichiometric conditions). When reaching charge neutraliza-
tion near 50% monomer conversion, the reaction mixture
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Figure 3. Morphological evolution of polyelectrolyte complexes
obtained at different monomer conversions (indicated in percentages)
during polymerization induced electrostatic self-assembly of
PHPMA,;5-b-PAEAM,, and PAMPS,,. Note that y = 87 corresponds
to 44% conversion. Reprinted with permission from Yu et al.'®’
Copyright 2015 American Chemical Society.

forms a gel network comprised of spherical-like aggregates of
about 100 nm in radius. The observed gelation may be related
to the relatively high C3M volume fraction. At even higher
monomer conversions, the complexes become increasingly
charged, so that the network breaks up and the system reverts
to a viscous liquid due to the increased electrostatic repulsion
and solubilization of the chains. Interestingly, gelation was
absent upon direct mixing of the two polymers postsynthesis.
Instead, spherical micelles of about 40 nm in radius form upon
addition of the anionic hp to the dbp after ~50% monomer
conversion.

PIESA has also been ap})lied to chain extend dbps in the
presence of ionic micelles, * polynucleotides,'”” and for the
preparation of neutral-anionic-cationic terpolymers.''* Vesicles
or unstable lamellae were observed in many cases. It is likely
related to the targeted N_,on/Nee < 1 of many of these
reports, which typically yields vesicles or nonstable systems.*®
Moreover, the excess of block copolymer present after
surpassing stoichiometry can also destabilize the assembly via
bridging. The combination of these effects cannot be fully
deconvoluted from the influence of the growing living polymer
chain on the morphology of the complex coacervates obtained.
We foresee that further experimental designs that ensure full
charge stoichiometry during the whole reaction landscape and
form stable complex coacervates with lower N_,../N¢oona are a
promising strategy for further understanding and development
of PIESA.

Bl CONCLUSION AND PERSPECTIVE

The electrostatic coassembly of (diblock) copolymers with
oppositely charged species received widespread attention in
the last decades as a versatile approach to create a new class of
polymer micelles with interesting properties. Understanding
and tuning steady-state structure—function relations through
chemical and physical factors under precisely controlled
conditions has been the main focus. This has greatly advanced
our insight in the behavior of C3Ms and served as a solid
foundation for several new fascinating research directions
which are rapidly gaining ground. We anticipate a growing
interest in macroscopic materials prepared from C3Ms and
coacervates, such as hydrogels, thin films, adhesives, and
saloplastics. Their steady-state properties are well-studied
including their dependence on choice of one or two block
copolymers, polymer length (ratios) and chemical nature of
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the components. It is yet to be elucidated how exactly such
factors influence the dynamic properties of C3Ms. Conflicting
results claim different mechanisms dominate the relaxation
from transient structures to (steady-state) micelles. When
exactly fusion-fission or expulsion-insertion mechanism govern
the kinetics of C3M formation will become clear by more
systematic studies. Since salt concentration affects the balance
of driving forces for complexation, both the micellar stability
and their dynamics are altered by it. Additional interactions in
the core, such as hydrogen bonding or hydrophobic effects,
contribute to the pathways and time scale of relaxation from
transient to stable structures. Specifically for the use of C3Ms
as carrier of biomacromolecules, simply looking at steady-state
properties and stability does not paint the full picture. C3Ms
composed of polypeptides (e.g., proteins) or polynucleotides,
combined with ionic-neutral copolymers, must protect their
sensitive cargo from deterioration in vivo. Exchange kinetics
studies will shed more light on the mechanism by which these
building blocks are exchanged between micelles and on the
time they spend exposed. This knowledge will aid the design of
C3Ms with enhanced delivery efficiency.

The formation of kinetically trapped states has long been
seen as a bottleneck, but is now also embraced as an effective
means to create various nanostructures with unprecedented
complexity from identical building blocks. Another important
development is the shift in focus from equilibrium to out-of-
equilibrium conditions. The (dis)assembly kinetics and
exchange dynamics of these mixed micelles are being studied
in-depth using time-resolved scattering tools and fluorescence
spectroscopy. These studies disclose transient (nano)-
structures, which may be annealed or vitrified in the future
to broaden the scope of attainable architectures. Particularly
appealing in this respect are reaction-assembly networks, which
disclose the role of kinetic factors and compositional variations
in the assembly pathways. In addition, they hold great promise
as an efficient platform for the preparation of colloidally stable
nanostructures of various shapes and dimensions in high yield,
because of the high concentrations that can be used.

Advances in characterization and the adoption of single-
molecule tools such as single-molecule localization microscopy
will shed light on the relevance of minority species in
ensembles and the fate of C3Ms under out-of-equilibrium
conditions, at nonstoichiometric compositions,”l’112 and in a
cellular context.'"” Use of such techniques will also advance
the design of C3Ms for targeted delivery of therapeutics.

Finally, we foresee an increasing effort from the polymer
chemistry community to prepare and incorporate custom-
tailored materials and substitute PEO by other stabilizers, such
as zwitterionic/antifouling blocks,"'* to fine-tune the stability,
responsivity, dynamicity, and functionality of C3Ms in vitro
and in vivo for improved performance in complex (biological)
environments.
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