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Abstract: The co-assembly of ionic-neutral block copolymers with oppositely charged species
produces nanometric colloidal complexes, known, among other names, as complex coacervates core
micelles (C3Ms). C3Ms are of widespread interest in nanomedicine for controlled delivery and
release, whilst research activity into other application areas, such as gelation, catalysis, nanoparticle
synthesis, and sensing, is increasing. In this review, we discuss recent studies on the functional roles
that C3Ms can fulfil in these and other fields, focusing on emerging structure—function relations and
remaining knowledge gaps.
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1. Introduction

The hierarchical assembly of biomacromolecules into superstructures plays a pivotal role in
many biological functions, such as signal transduction, motility, cell growth, and differentiation. For
example, the docking of proteins onto DNA is the primary cellular mechanism to regulate
transcription. Enzymes are often activated to function upon supramolecular polymerization into
dimers or tetramers. The chemical diversity of sequence-controlled biopolymers and their intricate
interaction pathways lead to spatiotemporal variations in composition and abundance, which govern
the creation and dissolution of a plethora of well-defined complexes to perform virtually all functions
essential for life. Many strategies to develop adaptive materials are inspired by these concepts and
exploit the controlled co-assembly of multiple, custom-tailored building blocks into mixed
association colloids with mesoscopic dimensions. Modulation of the function of such materials is then
attainable by fine-tuning of the chemical nature, arrangement, and interactions of and between the
constituents. In this review, we discuss recent advances in the field of nanometric association colloids
assembled from mixtures of oppositely charged polymers (and other compounds) due to electrostatic
and other non-covalent interactions. We focus in particular on the functional aspects of this novel
class of adaptive, polymeric materials and highlight how structure-function relations may serve as
guidelines for their rational design and development. The interested reader is referred to excellent
reviews on the fundamentals and theory of these polymeric association colloids, which are briefly
discussed but not addressed in-depth herein [1-7].

2. Fundamentals

The co-assembly of oppositely charged polymers has attracted considerable attention, since it
provides a robust and intuitive platform to prepare multi-responsive and multifunctional polymeric
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nanoparticles. These materials marry the responsivity and functionality of the different types of
constituent (co)polymers within a single compartment of nanometric dimensions. Many of these
polymeric association colloids form as a consequence of the electrostatic interactions between two
oppositely charged, hydrophilic polyelectrolyte chains in water, which gives rise to an associative
phase separation under specific conditions. Over time, two coexisting macroscopic liquid phases
develop if, e.g., hydrophilic homopolymers are mixed, but the macroscopic phase separation can be
restricted to the colloidal scale by attachment of a neutral water-soluble block to one or both
polyelectrolytes. The tethered neutral block then prevents the coacervate from growing further,
resulting in a (coacervate) core/shell micelle or vesicle, instead of a two-phase, liquid-liquid system
with a dilute phase depleted of polymer and a denser coacervate phase enriched in both
polyelectrolytes. The architecture of the copolymer(s) can be of a different nature. Whilst block
copolymers are the most common, graft or random copolymers can also be utilized [8-12].

Since ionic-neutral copolymers co-assemble with a broad range of oppositely charged
compounds, these have been exploited to encapsulate many different types of chemical species,
including linear block (co)polymers, biopolymers, such as DNA [13,14], proteins [15], surfactants [16],
metallic complexes [17,18], nanoparticles, and dendrimers [19]. The resultant core/shell hydrocolloids
are referred to in the literature as complex coacervate core micelles (C3Ms), polyion complex (PIC)
micelles, block ionomer complexes (BIC) and (micellar) interpolyelectrolyte complexes (IPEC),
among others. Throughout this review, we will employ the term C3Ms for these particles (Figure 1),
regardless of the physical state of the core, even though, strictly speaking, this term only applies to
micelles with a core comprising a coacervate (i.e., liquid) phase. The complexation of two or more
suitable ionic-neutral copolymers and/or terpolymers may also yield multi-compartment micelles,
with a (partially) segregated core and/or corona [20]. Janus micelles (or vesicles) with a laterally phase
segregated corona have been reported [21], as well as onion-type micelles, consisting of a
hydrophobic core, a coacervate inner corona, and a neutral outer shell [22-24]. The (internal) structure
and morphology of such complex colloids are determined by a subtle interplay of many factors,
including, but not limited to, polymer composition, architecture, cohesive interactions, miscibility,
and differential solvency.

Neutral-ionic block Charged species a Ms
copolymer '\\ \

Figure 1. Schematic representation of the formation of complex coacervate core micelles (C3Ms) from
a neutral-ionic block copolymer and an oppositely charged species in aqueous solution.

Interestingly, virtually all of these association colloids are stimuli-responsive, since the strength
and length of the non-covalent bonds between the constituents are dependent on salt concentration,
salt type, and pH in case of weak polyelectrolytes with a pH-dependent charge density. This is due
to the electrostatic driving forces for complexation, which include salt-dependent enthalpic and
entropic contributions. At low salt concentrations, counterion release and tight ion-pairing
considerably decrease the free energy of the system upon micellization [25]. Auxiliary driving forces,
such as hydrophobic forces, may have a major impact on the properties of C3Ms. For example, the
mechanical properties and salt-stability =~ of polyelectrolyte complexes comprising
poly(styrenesulfonate) (PSS) and poly(4-vinylpyridine) (P4VP), quaternized with increasingly longer
alkyl side chains, varied markedly upon tuning the cation hydrophobicity [26]. Longer alkyl chains
provided stronger hydrophobic forces and thus higher salt stability. The incorporation of light- and
temperature-responsive moieties enables further modulation of the interaction forces with external
cues [27,28]. Moreover, the type and mixing fraction of chargeable monomers, the relative block
lengths of the polyelectrolyte blocks, and various other compositional parameters can be adjusted to
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custom-tailor the phase behavior and structure-function relations. Analogous to amphiphilic
(surfactant or polymeric) micelles, C3M shapes can be varied by choice of the block length ratios.
Relatively long neutral soluble blocks yield spherical micelles, but shorter corona-forming blocks can
result in wormlike micelles or vesicles (Figure 2). Additionally, a transition from spherical to
elongated complexes can be induced by increased salt concentration, by compacting and swelling of
the respective corona- and core-forming polymers [29]. This uniquely adaptive character is not only
fundamentally attractive but also appealing for utilization of the particles as, e.g., nanocarriers or
nanoreactors [30,31]. C3Ms find widespread interest in the nanomedicine community for controlled
delivery and release, whilst research activity into other application areas, such as gelation, catalysis,
and sensing, is increasing. Table 1 provides an overview of some polymers and oppositely charged
species used for different applications. In this review, we discuss recent studies on the functional
roles that C3Ms can fulfil in these and other fields, focusing on emerging structure-function relations
and remaining knowledge gaps.

Figure 2. Schematic representation of the different assemblies formed by oppositely charged (block
co)polymers. Relative block lengths can dictate the formation of spherical micelles (left), wormlike
micelles (middle) or vesicles (right) with a complex coacervate core.

3. Biotechnological Applications of C3Ms

In the last few decades, medicine has mainly relied on the use of small therapeutic drugs to
control, reverse, and stop diseases. These small therapeutic drugs are not intrinsically efficient and
selective. Regular and sustained administration is required in many cases to maintain their
therapeutic action [32]. These hurdles may induce unwanted adverse effects. On the other hand,
biologics, such as proteins and polynucleotides, are inherently selective, highly efficient, and perform
specific functions that rely on triggered responses upon exposure to specific substrates present in
vivo. Moreover, as they are similar in composition to the main components in the body,
immunogenicity and toxicity are typically lower compared to small molecular drugs. For these
reasons, biologics are gradually becoming the new standard in the medical field. This trend is clearly
manifested in the drug market sales worldwide, since many of the most profitable therapeutics
available today are biologics such as enzymes, antibodies, peptides, viruses, and nucleic acids [33-
35]. Addressing the many challenges associated with the delivery and release of biologics, including
those that are in clinical use, is thus of considerable fundamental and applied interest.

Biologics are difficult to deliver into the targeted tissue principally because of their low colloidal
and structural stability, degradation in physiological media, and limited cell internalization. Most
biologics benefit from a polymeric shell. For example, encapsulating biologics inside liposomes,
capsules, viral capsids, and nanoparticles can remarkably improve their colloidal stability and protect
them from in vivo degradation. In this context, C3Ms are advantageous, because the hydrophilic
coacervate core allows the encapsulation of fragile, water-soluble substances. Polynucleotides,
proteins, peptides, and ionic drugs can be buried and protected in the C3M core, without loss of



Polymers 2020, 12, 1953 4 of 35

structural and functional integrity, while this is typically unsuccessful or inefficient in classical
micelles from amphiphiles.

The modular preparation of C3Ms is often advantageous since the physicochemical properties,
such as size, surface charge, and shape, can be finely tuned by varying monomer type and the (block)
length (ratio) of the copolymer. Which copolymers are best selected for the preparation of C3Ms
custom-tailored for a specific purpose depends on the relation between their composition and the
structural and functional properties of the resultant micelles, including biocompatibility, blood
circulation time, and biodegradability (Table 1A). For C3Ms to be suitable as nanocarriers for
biologics, the micelles must display both high colloidal stability during transit and triggered
dissociation upon environmental changes in the targeted tissue. To meet these often-conflicting
demands, C3Ms can be programmed by the incorporation of appropriate chemical functionalities to
respond to specific intracellular signals, such as the local ATP concentration, acidic pH values
(endosomes) and reducing conditions (cytosol). The C3M shell not only serves to protect the cargo
during transport without eliciting an immunogenic response, but may also be modified chemically
for targeting purposes to enhance the accumulation and promote internalization at the desired
locations [7].

3.1. Polynucleotide-Based C3Ms

The number of clinical studies on nucleic acid-based therapies is steadily increasing owing to
the versatility and high efficacy of gene therapies with plasmid DNA (pDNA), small interference
RNA (siRNA), antisense RNA (mRNA) [33]. The potency of these high potential treatments can be
further improved if the two major bottlenecks of limited physiological stability and inefficient
targeting can be tackled successfully. For example, free polynucleotides are digested by nucleases
within minutes in the bloodstream. Moreover, the electrostatic repulsive interactions between the
charged polynucleotides and the cell membrane result in poor cellular uptake. These challenges
motivated the development of suitable delivery systems to protect the polynucleotides at
physiological conditions against degradation, so that the material remains intact upon arrival at the
active site.

Sequestering the genetic material into virus capsids is the most widely used approach in gene
therapy. Virus capsids are outstanding delivery vehicles, but they are expensive to produce and
difficult to manipulate. An appealing alternative strategy entails the complexation of the negatively
charged genetic material with cationic polymers to form so-called polyplexes. Using cationic-neutral
block copolymers instead of cationic homopolymers generates C3Ms, which increases
biocompatibility, survival in the bloodstream, and transfection efficiency [36].

To fully exploit their application potential, polynucleotide-based C3Ms must have superb
colloidal stability and maintain structural integrity under physiological conditions, promote cellular
uptake, facilitate endosomal escape, and ultimately deliver the genetic cargo into the cytosol or
nucleus (Figure 3). The neutral hydrophilic block in C3Ms, often poly(ethylene glycol) (PEG),
stabilizes the micelles and reduces the cytotoxicity of the polyelectrolyte. In addition, the chain end
of the neutral block can be functionalized with ligands, such as lactose and peptides, to target specific
organs [37-39]. C3Ms are typically prepared under charge stoichiometric conditions and, therefore,
neutral, which effectively increases DNA cellular uptake. It is also possible to prepare C3Ms under
non-stoichiometric conditions to render C3Ms with a positive surface charge or to include ligands in
the shell, to further facilitate cellular uptake and endosomal escape. Despite these attractive features,
DNA- and oligonucleotide-based C3Ms are inefficient compared to viral vectors. Boosting the
performance of C3Ms to (out) compete with viral vectors has, thus, become a central objective in
nanomedicine. In the following, we highlight key findings and recent advances towards this aim.
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Figure 3. Schematic representation of uptake of polynucleotide-based C3Ms by cells. Single-stranded
DNA, double-stranded DNA and/or plasmid DNA may form polynucleotide-based C3Ms upon
complexation with a cationic-neutral block copolymer. C3Ms are internalized via endocytosis.
Disruption of the endosomal membrane leads to escape of the cargo, after which the genetic material
can be released into the cytosol, or the C3M may interact at the nuclear membrane to release the DNA
into the nucleus.

A critical steppingstone towards systemic gene therapies based on C3Ms is the preparation of
micelles with high stability in the bloodstream. Neutral-cationic block copolymers generally yield
relatively stable C3Ms when mixed with polynucleotides; however, they may be dissociated if there
are competitive charged species in solution such as endogenous RNA, glycosaminoglycans and
negatively charged polysaccharides [40]. Additionally, shear forces inside the blood vessels can also
break down C3Ms [41]. Colloidal stability is increased by intracellularly reversible crosslinking [42—
44], the introduction of hydrophobic moieties in the block copolymer [45-48], covalent grafting of
RNA to a polymer backbone [49], or oligomerization of the encapsulated polynucleotide chains to
increase their molecular weight and thereby the cohesion of the C3M [50,51]. A particularly important
design challenge for polynucleotide-based delivery systems is the protection of the genetic material
against nuclease digestion. The PEG shell of C3Ms delays, but does not entirely block, the nuclease-
driven degradation of the packaged genetic material. Ultimately, after several hours, the DNA is
cleaved [52]. Incorporation of a hydrophobic intermediate block in the copolymer enhances stability
towards nuclease digestion as it creates a barrier around the genetic material, which retards diffusion
of the nucleases into the micellar core. To this end, thermo-responsive blocks, such as poly(2-n-
propyl-2-oxazoline) (PnPrOx) and poly(N-isopropyl acrylamide) (PNIPAM), which are soluble at
room temperature and insoluble at body temperature, have been introduced between the neutral and
cationic blocks [47,53].

The nature of the cationic polyelectrolyte is a critical design parameter, since it impacts both
transfection efficiency and toxicity. Unfortunately, polyelectrolyte optimization is often a double-
edged sword: when transfection efficiency improves concomitantly toxicity rises, and vice versa, less
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toxic compounds typically display lower transfection efficiency. For example, 25 kDa poly(ethylene
imine) (PEI) produces the highest transfection rate among all charged blocks used in polyplexes, but
is highly cytotoxic [54]. PEGylation of the PEI improves cell viability at the expense of lower cellular
uptake, endosomal escape, and consequently, transfection efficiency. High molecular weight
polymers show enhanced DNA binding, cellular uptake, and transfection efficiency, while low
molecular weight polymers are less cytotoxic and can efficiently unpack DNA after transfection [55—
57]. Aiming for the best of both worlds, Reineke et al. developed short, linear, neutral-cationic
copolymers by placing biocompatible carbohydrates between oligo-amines (PEI), resulting in so-
called poly(glycoamidoamine) (PGAA) [58-60]. Remarkably, the polyplex transfection rates are high
due to the PEI chain, while the protecting carbohydrate block and the low molecular weight reduce
the immune response and cytotoxicity. The preparation of polyplexes in excess PGAAs renders a
positive surface charge, which increases the interaction with negatively charged proteins on the cell
wall and promotes endocytosis. Systematic variations in the carbohydrate type and amount of
charges, as well as their sequence in PGAAs, showed that transfection efficiency is influenced
significantly by several different factors, including the increase in charge upon exposure to
endosomal pH, endosomal escape, and also the binding strength of the polymer to the
oligonucleotide [61].

After cell incorporation via endocytosis, the polynucleotide-based C3Ms must escape from the
endosome before they are trafficked to late endosomes, lysosomes, or other organelles. Endosomal
escape is assumed to be caused by the destabilization of the endosomal membrane; a mechanism
referred to as the “proton sponge effect” [62]. Some empirical evidence supporting this hypothesis
suggests that upon exposure to endosomal pH (ca. 5.5), the charge density of the polycations
increases, which facilitates the intercalation of the polymer into the anionic endosomal membrane,
accelerating its disruption and endosomal escape of the polynucleotides. However, recent super-
resolution optical microscopy studies reveal that oligonucleotide-based C3Ms remain intact after the
endosomal escape, which suggests that it is the positively charged surface of the C3Ms at endosomal
pH that destabilizes the membrane [63]. Some of the most efficient polycations include, PEI [64,65],
poly(histidine) [66], dendrimers [19], and poly(aspartamide) [67,68]. Additional hydrophobic groups
in the block copolymer, such as cholesterol, also facilitate endosomal escape as these promote
interaction with the lipidic bilayer [13]. It is worth noting that the neutral block in a cationic-neutral
copolymer may obstruct the electrostatic interaction of the polycation with the endosomal membrane,
causing a decrease in the efficiency of endosomal escape, even for polycations, which are very
efficient in membrane disruption. An effective means to tackle this hurdle is the inclusion of
intracellularly cleavable linkers between the neutral and charged blocks of the block copolymers,
such as sulphide- or boron-based bonds, which are sensitive to pH or carbohydrate molecules [69,70].

Control over C3M size and morphology is also essential for C3M-mediated gene delivery
because these properties are directly related to the efficiency of cellular uptake and clearance from
the body [71-73]. Under stoichiometric conditions, C3Ms are typically spherical core-shell structures
[12]. However, since oligonucleotides are strong and stiff Pes, they may adopt different
morphologies, depending on the salt conditions and ratio between the neutral and cationic block.
Tirrel et al. compared the structure of C3Ms composed of poly(ethylene glycol)-block-poly(L-lysine)
PEG-b-PLL and single-stranded DNA (ssDNA) with C3Ms comprising PEG-b-PLL and double-
stranded DNA (dsDNA) [74,75]. As observed previously for C3Ms comprising exclusively linear
diblock copolymers and homopolymers [29], the length of the block copolymer determined the size
of DNA-containing C3Ms. Complexation with ssDNA produced spherical micelles, while cylindrical
micelles formed when dsDNA was incorporated instead. The charge density and rigidity of ssDNA
vs. dsDNA defined the C3M morphology to optimize the packing of the polynucleotides in the
micellar core. Small-angle X-ray scattering profiles and cryo-transmission electron microscopy of
dsDNA polyplexes displayed a sharp Bragg peak located at 2.7 nm, corresponding to the d-spacing
reported for the interhelix distance in genomic DNA toroids [76]. L.Shen et al. prepared polyplexes
using polymerization-induced electrostatic self-assembly (PIESA) between siRNA or DNA and a
growing chain of 3-acrylamidopropyl trimethylammonium chloride (APTAC) from a PEG block.
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While DNA-based C3M presented mainly spherical morphologies, the rigidity of the short siRNA
[19-21 bp] played a role in directing the assembly resulting in the formation of C3Ms with unusual
morphologies [77]. Upon a systematic increase in the degree of polymerization (DP) of PAPTAC,
lamellae, tubes, and spheres were created for low (<40), intermediate and high (>70) DPs,
respectively.

Interestingly, pPDNA, which is more flexible than small oligonucleotides, can also adopt toroidal
and rod-shaped structures, when complexed with neutral-cationic block copolymers, to allow the
PDNA to be folded in a relaxed conformation [29,47,78-81]. Rod-like C3Ms with a modular rod length
were prepared from PEG-b-PLL and pDNA. A 3.5-fold decrease in the length of the cationic block of
the diblock copolymer from 20 to 70 decreased the length of the rod-like micelles 10-fold from
hundreds of nanometres to 70 nm [73]. Fine-tuning of the length of the PLL block of PEG-b-PLL is
crucial, as it affects cellular uptake and resistance against nuclease degradation. Shorter PLL blocks
reduce cellular uptake as this rendered the PEG shell more crowded [81]. Cellular uptake was
improved for longer PLL blocks but also reduced nuclease stability, as this generated globular
micelles with a low-density PEG shell [82]. Interestingly, the highest cell internalization and
transfection efficiency were observed for a rod length of ca. 200 nm, which is consistent with the
upper size limit of the clathrin-dependent endocytic vesicles.

Whereas oligonucleotides do not need to translocate into the cell nucleus for gene expression,
this is essential for DNA. New developments in optical microscopy recently enabled, for the first
time, imaging of the fate of internalized C3Ms with nanometric resolution [63,83,84]. This shed light
on various aspects of nucleus internalization, although much remains to be elucidated. pPDNA-based
C3Ms must remain intact after endosomal escape, because free pDNA is rapidly digested in the
cytosol. Two-color direct stochastic optical reconstruction super-resolution microscopy revealed that
pDNA-based C3Ms concentrated in the perinuclear region after cell incubation for approximately 12
h [84]. Passive translocation of DN A-based C3Ms can be achieved in dividing cells, where the nuclear
membrane dissociates during cell mitosis. It appears—although it is still debated how —that C3Ms
and/or pDNA may also penetrate the nucleus via the nuclear pore complex, which contains small
pores of 5-10 nm in diameter [85,86]. Whether C3Ms remain intact after nucleus penetration is yet to
be established as is the intranuclear transfection mechanism. Interestingly, cell-free studies have
shown that transcription can also undergo within C3Ms, which suggests that C3Ms need not
dissociate in the nucleus for the genetic code to be read [82]. Consequently, having a proper pDNA
conformation and distribution in the C3Ms may enhance the efficiency of the vector substantially
[52,80,81]. The potency of this concept is perhaps best illustrated by the superior transfection efficacy
of micelleplexes compared to the golden standard jetPEI (25 kDa linear PEI) and polyplexes. Whereas
70% of HEK293T cells were successfully transfected, when subjected to micelleplexes with pDNA
encoding for green fluorescence protein (GFP), only 40% and 10% of HEK293T were transfected when
instead jetPEI and conventional polyplexes were utilized. This dramatic improvement in transfection
efficiency is presumably due to the preservation of the native conformation of pDNA within
micelleplexes, which are essentially aggregates of pDNA and positively charged micelles [87]. The
PDNA configuration in micelleplexes appears analogous to the DNA compaction by histones. This
allows greater accessibility to the payload thereby promoting protein expression compared to
conventional polyplexes, which tightly condense pDNA, and may significantly distort its structure.

3.2. Encapsulation of Proteins in C3Ms

Many treatments take advantage of the evolutionary honed specificity and efficiency of proteins.
From a therapeutic perspective, enzymes render low cytotoxicity, high specificity, and efficiency,
which reduces the risk to elicit an adverse immune response and cause side effects. Unfortunately,
the chemical and structural stability of these biomacromolecules in a physiological environment is
often insufficient; a complication that must be overcome to bring their potential as biologics to full
fruition [35]. Non-native pH, (multivalent) salts, temperature, and proteases may (locally) disrupt
folding or (partially) degrade the enzyme, compromising activity significantly. The encapsulation of
proteins into nanocarriers to protect the biopolymers and preserve the native fold and activity under
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non-native conditions has, thus, become an active field of research and development. C3Ms are an
appealing nanocarrier for these purposes since packaging within the core of such micelles improves
the stability of the enzymes, and high protein loading by mass is attainable [88]. The associative phase
separation between the protein and an ionic-neutral block copolymer can result in C3Ms with
sequestered enzymes. The water-rich core provides the enzyme with a near-native environment to
preserve its activity and structure. Similar to encapsulation within C3Ms of DNA, complexation with
oppositely charged copolymers improves protein stability with respect to ionic strength, dilution,
denaturation by urea, and proteases. Importantly, the rather high water content of the C3M core also
allows for diffusion of relatively small compounds into and out of the C3M, so that the catalytic sites
of the incorporated enzymes remains accessible for entry and exit of substrates and products. An
overview of proteins and polymers used to prepare C3Ms is given in Table 1B.

The central objective of efforts to fine-tune the structure and properties of enzyme-loaded C3Ms
to further improve their performance as nanocarriers of biologics is to strike a balance between high
enzymatic activity and long-term (colloidal) stability on the one hand and triggered release on the
other hand. Other design considerations include encapsulation efficiency and biocompatibility. The
amphoteric nature and heterogeneous charge distribution of the cargo compromise the (long-term)
stability and efficient loading of C3Ms with enzymes. Compared to a linear polyelectrolyte of the
same mass, proteins carry far less solvent-accessible charges for complexation, and moreover, the
protein surface typically displays charged amino acids with both the same and opposite sign as that
of the ionic-neutral copolymer. Not all enzymes are amenable to encapsulation within C3Ms; in some
cases, less well-defined structures without a core/shell architecture are formed. The number of
proteins per C3M and their internal distribution are often unknown. Additionally, a stoichiometric
charge ratio (i.e., when the concentration of chargeable monomers of the copolymer equals the net
protein charge concentration) usually does not lead to complete charge neutralization, because the
polymer is not flexible enough to compensate all accessible surface charges of the protein,
consequently, requiring more polymer chains to neutralize the protein charges. It is also notable that
reaching the equilibrium after C3M formation can take anywhere from seconds to up to several days,
depending on the protein, polymer, and salt concentration used [89,90]. Clearly, the design rules for
C3Ms formation between oppositely charged copolymers are not directly applicable to protein-
containing C3Ms, as their assembly does not depend purely on electrostatics. Several routes may be
taken to tackle these challenges and to design and characterize a protein-polymer complex tailored
for specific needs. Here, we discuss some of the main strategies for producing protein-loaded C3Ms,
highlighting their advantages, as well as limitations, and what steps are yet to be explored.

Strategies for Enhanced Protein Encapsulation and Stabilization

Some naturally occurring proteins associate directly with polyelectrolytes because of their high
surface charge at acidic or basic pH values [15,89-92]; however, most proteins have a near-neutral
surface charge at physiological conditions. How to effectively incorporate proteins into C3Ms has
thus become a central research question in the field. Much is still to be unravelled on the matter. For
example, the correlation between protein structure and loading capacity is not well understood yet.
Interestingly, the amount of proteins encapsulated in a coacervate appears to depend on more factors
than solely on protein size and net charge. Encapsulation of proteins using cationic copolymers is
promoted under acidic conditions, e.g., at pH values below the isoelectric point (pI) of the protein, so
that the net surface charge density is sufficiently high. Vice versa, encapsulation using anionic
copolymers is more efficient at basic pH values above the pl. However, coacervation can also occur
at pH values on the so-called “wrong side” of the isoelectric point as a consequence of the high charge
heterogeneity on the protein surface [93,94].

Due to the amphoteric nature of the protein surface, small variations in pH and salt
concentration may be detrimental to C3Ms stability. In many cases, the protein charge may be too
low to produce stable C3Ms. Systematic studies on multiple supercharged proteins showed that
complex coacervation requires at least 30% excess of either basic or acidic amino acids [90]. The
stability of C3Ms notably improves if proteins are incorporated into the C3Ms core together with a
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like-charged polyelectrolyte [95-98]. Interestingly, varying the ratio between the protein and
homopolymer allows the control of the number of enzymes in the coacervate. This strategy was used,
for example, for the electrostatic association of poly(oligo(ethylene glycol) methyl ether
methacrylate)-block-poly(N-methyl-4-vinylpyridinium  iodide) = (POEGMA-b-PM4VP)  with
poly(acrylic acid) (PAA) and organophosphate hydrolase (OPH). The C3Ms were stable towards high
temperatures, as the enzymatic activity of the complexes, compared to the native protein, was almost
2-fold higher after incubation at 37 °C for three days. Additionally, activity was still retained in the
presence of organic solvents, such as ethanol or dimethyl methylphosphonate, since the aqueous
fraction and charge-rich environment in the coacervate core stabilize the enzyme against organic
solvent denaturation. Interestingly, the coacervates prepared with only OPH and POEGMA-b-
PM4VP were less stable than those prepared with the ternary mixture [99].

Supercharging of the enzyme surface is a powerful means to render proteins amenable for
coacervation [89,90]. Modifying the surface accessible lysines with carboxylates or aspartic and
glutamic acids with tertiary amines, to reverse their charge, yields high charge density enzymes. The
chemical functionalization of the amino acids, however, might compromise enzymatic activity in
certain cases, e.g., when the active site is modified. Protein engineering can deliver supercharged
proteins with a custom-tailored charge distribution; however, this strategy is specific for
recombinantly expressed proteins and does not apply to commercially or post-expressed proteins
[89,100]. Reversible chemical reactions are an attractive route to overcome these limitations. For
example, citraconic amides, formed by reacting citraconic anhydride with lysines, are fully reversible
at pH=>5.5[101,102]. C3Ms prepared by mixing poly(ethylene glycol)-block-poly[N-{N-(2aminoethyl)-
2-aminoethyl}  aspartamide] (PEG-b-PAsp(DET)) with citraconic = anhydride-modified
immunoglobulin achieved cell internalization and efficient cytosol delivery (Figure 4) [102].
Supercharging reduced the capacity of the immunoglobulin to bind the cell nucleus, while it
promoted encapsulation into C3Ms, and thereby stabilized the antibody under physiological
conditions. After cell internalization via endocytosis, the labile amide bonds were cleaved in the
acidic endosomal environment, which restored the native and active state of the monoclonal
antibody. Subsequently, the native antibody was released into the cytosol. Interestingly, the addition
of PAsp(DET) homopolymer during C3M formation improved stability, cellular uptake, and
endosomal escape. The latter is in line with previous studies on cellular uptake and endosomal escape
of polyplexes composed of cationic homopolymers and cationic-neutral diblock copolymers, which
indicate a more favorable interaction of the homopolymers with the cellular and endosomal
membranes, so that cell internalization and endosomal escape are enhanced.
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Figure 4. (a) Charge conversion of immunoglobulin with citraconic anhydride and subsequent C3M
formation with poly(ethylene glycol) (PEG)-b-PAsp(DET) block copolymer and PAsp(DET)
homopolymer. (b) schematic mechanism for C3M cell internalization, dissociation, and recovery of
native immunoglobulin. Figure adapted from Kim et al. (doi:10.1021/acs.biomac.5b01335) as
published by the American Chemical Society [102]. Further permission to this material should be
directed to the ACS.

Conjugation of charged (bio)polymers and oligomers to the termini of proteins, either during
expression or post-purification, is another appealing route to supercharging to promote
encapsulation of proteins in C3Ms. This strategy is widely applied to enhance protein loading into
other nanocarriers, such as lipidic vesicles, nanoparticles, and amphiphilic micelles [103-105].
Likewise, in nature, proteins with charged (and intrinsically disordered) regions are more likely to
associate with oppositely charged macromolecules [106]. Recently, Obermeyer et al. demonstrated
the feasibility of this principle by recombinant expression and complexation of green fluorescent
protein (GFP) equipped with non-native C-terminal short [Asp—-Glu-Glu-Glu-Asp—Asp] repeating
segments as an auxiliary charged tag to promote coacervation [107]. The main advantage of this
method of supercharging, which we think has great potential, is that the tags barely perturb protein
activity and structure. Another innovative strategy worthy of further exploration is based on the
specific interaction between multivalent Ni?* ions and short histidine segments, which are commonly
included in recombinantly expressed proteins for Ni-NTA purification. For example, anionic
polyelectrolytes comprising nitriloacetic acid groups complexed with Ni** may serve as a platform
for the non-covalent attachment of affinity-purified hexahistidine tagged proteins [108]. This
preloaded polyelectrolyte could be used as a constituent to prepare C3Ms with high protein-loading
efficiency.

As discussed in the above, relying exclusively on electrostatic interactions may not be sufficient
to produce protein nanocarriers with the desired stability. Variations in the environment, such as
dilution or changes in pH and salt concentration, can lead to premature dissociation and/or release
of the protein from the complex. Several additional interactions for improved stability can be
introduced during the design of the C3Ms. Protein encapsulation with neutral-hydrophobic-charged
triblock copolymers produces association colloids with higher stability. The hydrophobic block is less
sensitive towards salt and pH variations and provides a barrier to protect the protein-rich coacervate
[109-111]. Increasing the hydrophobicity of the charged block by the addition of carbon spacers
between the polymer backbone and the charged side chains results in higher salt stability of protein-
loaded C3Ms [109]. Association of cytochrome C with poly(ethylene glycol)-block-
poly(aminopalmitic acid)-block-poly(L-aspartic acid) (PEG-b-PAPA-b-PAsp) triblock polypeptides
yielded onion-like micelles with a protein-rich coacervate core, a hydrophobic PAPA shell, and a
hydrophilic PEG corona [110]. The C3Ms displayed high colloidal stability towards incubation with
fetal bovine serum. The cyclic RGD peptide was included in the PEG corona of the C3M to achieve
specific targeting to cell-surface integrin receptors and promote endocytosis.

Chemical crosslinking of the coacervate core or (inner) shell also successfully enhances C3M
stability. For example, the addition of glutaraldehyde or ethyl carbodiimide to crosslink proteins
inside the coacervate stabilizes the C3Ms towards salt and pH variations [112]. However, the toxicity
of these linkers lowers the biocompatibility and the irreversible crosslinking hampers the triggered
release of the protein at the targeted site. This has motivated the development of reversible
crosslinking strategies involving labile bonds, which can be cleaved upon specific environmental
triggers, allowing the C3Ms to be stable at physiological conditions but disassemble at the site of
action [113-116]. For example, crosslinking via disulphide bonds yielded highly stable C3Ms under
physiological conditions. Advantageously, the cleavage of the disulphide bonds under the
intracellular reducing conditions triggered the release of proteins inside the cytosol [114]. Exploiting
the responsive and robust interaction between phenylboronic acid and catechol groups may also
render highly stable C3Ms. Ren et al. explored this approach by preparing C3Ms using block
copolymer of PEG and poly(glutamic acid), partially functionalized with phenylboronic acid (PEG-
b-PGlu-co-PGluPBA), combined with a block copolymer of PEG and partially catechol-functionalized
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PLL (PEG-b-PLL-co-PLLCA), and cytochrome C. The micelles disassembled upon the addition of
sugars as well as under acidic pH values [115]. Interestingly, both anionic and cationic proteins can
be encapsulated herein, since the micelles comprise both neutral-anionic and neutral-cationic diblock
copolymers. Aiming not to perturb the native enzyme and to retain its activity without chemical
modifications, Chapman and co-workers instead crosslinked the polymeric shell around the enzymes
[117]. First, glucose oxidase (GOx; net charge of -8) was complexed with a cationic-neutral block
copolymer to form C3Ms. They showed that the shorter cationic blocks were more efficient at
encapsulating GOx, and suggested that the distribution of negative charges over the protein surface
may be the reason. Since the interaction that holds these C3Ms together is relatively weak, especially
in solutions of elevated ionic strength (e.g., PBS), the polymer shell was crosslinked to enhance C3M
stability. Chain extension of the RAFT agent using (bis)acrylamides was applied to generate a
hydrogel around the enzyme. The activity of the GOx encapsulated via this non-invasive method led
to high activity retention (>95%).

Crosslinking is also convenient for other biotechnological applications of enzymes, such as
sensing and catalysis. Encapsulation of enzymes in crosslinked C3Ms enables the recovery and long-
term, multiple usages of these biohybrid systems [118,119]. For example, C3Ms formed with a
statistically copolymerized benzophenone methacrylate (BP) block copolymer (P(OEGMA-r-BP)-b-
P4VP) and genetically engineered anionic alkaline phosphatase were deposited on a substrate and
subsequently crosslinked under UV-light through the BP photo-crosslinkers to render an insoluble
film [119]. The thin-film biosensor was utilized to detect Zn?*  accurately and could be stored at
ambient conditions and reused multiple times. The strategy is potentially suitable to immobilize a
broad spectrum of enzymes on a range of substrates.

The impact of the local environment surrounding the encapsulated enzyme on its functionality
has gained increasing attention recently. C3Ms generally contain multiple enzymes within a single
core. Encapsulation into coacervates increases the local protein concentration and may promote
protein oligomerization and boost activity [120]. Trypsin-loaded C3Ms exhibited up to 15 times
higher enzymatic activity compared to the free enzyme. This enhancement was attributed to the
partial neutralization of the imidazolium ion of the histidine residue in the catalytic triad [121,122].
Lysosome-based C3Ms also showed enhanced enzymatic activity compared to the free enzyme
towards small substrates. The neutral shell of, e.g., PEG offers colloidal stability and protection
against protease digestion, but it can also block access of bulky substrates to the active site. If this
challenge is encountered, enzymes can be reactivated upon release from the micelles. This can be
achieved in various ways, for example, by raising the salt concentration to values above the critical
ionic strength, so that the C3Ms disassemble [97,123]. Alternatively, the thickness and density of the
encapsulating matrix can be reduced, for example, by surface-tethering (short) polymers or growing
thin, polymer shells around single enzymes to generate single enzyme nanoparticles (SENs), rather
than trapping enzymes statistically into larger aggregates [117]. SENs were produced from lipase
[124], GOx [125], horseradish peroxidase (HRP) [118], myoglobin [124], and ferritin [126]. Here, EDC-
mediated addition of 3-(dimethylamino)-1-propylamine to the aspartic and glutamic acids generates
positively charged enzymes. Electrostatically driven complexation of these supercharged proteins
with alkyl-glycolic acid ethoxylated surfactants produced single enzyme-core/surfactant shell
biohybrids. These discrete, single enzyme nanoparticles display a core-shell structure and are readily
soluble in water and organic solvents. Freeze-drying followed by thermal annealing produced a
protein-rich molten state with remarkable properties, such as exceptionally high thermal stability and
solvent-free activity at very low hydration levels [127]. In these biohybrids, the PEG compartment
provides a sufficiently water-like environment, while the alkyl chain increases the separation
between the protein allowing for liquefaction. The high thermal stability has been exploited to
perform enzymatic reactions at exceptionally high temperatures. For example, cascade reactions
between HRP, GOx, and lipase were executed at temperatures up to 140 °C, in the absence of solvent
(Figure 5) [128]. Interestingly, this multicomponent system was inactive below the melting transition
of the biohybrids (ca. 80 °C) and increased in activity upon increasing temperature. This behavior
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was attributed to the temperature-dependence of the conformational ‘flexibility’ of the HRP
biohybrid, the melt viscosity, and substrate diffusion.

a) ; b) o16F " " 140°C

80°C

200 300

Figure 5. (a) Single enzyme nanoparticles from HRP (red), GOx (green), and lipase (blue) used for
enzymatic cascades in the solvent-free phase. (b) Conversion of o-phenylenediamine to 2,3-
diaminophenazine by HRP during the cascade reaction at temperatures > 80 °C in the absence of
solvent. Adapted from Atkins et al. (doi:10.1039/c9nr06045f) as published by the Royal Society of
Chemistry [128].

3.3. C3Ms as Nano-Compartments for Small lonic Therapeutics and Theragnostic

Small therapeutic drugs are generally hydrophobic, nonspecific, and quickly depleted from the
body due to their limited size. The therapeutic effect, therefore, relies on regular dosing, which may
lead to undesirable side effects and toxicity. This has motivated the development of novel carrier
systems aiming to encapsulate and deliver small molecular drugs to specific target sites, whilst
minimizing adverse side effects. C3Ms have been utilized to load a variety of water-soluble,
inorganic, and molecular therapeutics bearing multiple charged groups, charged drugs [129-137],
metal complexes [138-140], and photosensitizers [141-144]. An overview of small therapeutics
encapsulated in C3Ms is given in Table 1C. Much of the appeal of C3Ms as nanocarriers lies in their
programmable nature, which enables triggered release of cargo in response to specific stimuli
[17,145]. In addition, the neutral corona block endows stealth character, which increases circulation
times and reduces cytotoxicity, while the rather small micellar dimensions prevent fast renal
clearance. The accumulation of C3Ms within tissues is often attributed to the enhanced permeability
and retention (EPR) effect. Recent studies demonstrated, however, that this EPR effect is
unfortunately far less prevalent and heterogeneous in humans than in animal models (rodents) [146—
148]. C3Ms may also be directed to specific organs by tethering suitable ligands to the corona, such
as antibodies [149], folate [150], and peptides [151]. By far the most challenging criterion for the
rational design and successful development of effective nanocarriers is the delicate balance between
sufficient extracellular colloidal stability on the one hand, and triggered release at the desired target
site on the other hand. Harnessing the intrinsic response of C3Ms to environmental changes, such as
variations in salt concentrations, pH, glutathione concentration, and locally heated tumor
environment, has received widespread attention as a possible means of accomplishing this central
objective.

Many strategies for triggered release, for example, of cancer drugs at tumor sites, rely on the
increased acidy of the local environment of the (tumor) cells, to which electrostatically assembled
nanocarriers are responsive. The anticancer drugs doxorubicin (Dox), dioxadet, and mitoxantrone
can complex with neutral-anionic block copolymers to form C3Ms [132,137,152]. Interestingly, their
release rate is higher at low pH due to the elevated degree of dissociation of the amine-bearing drugs.
This pH-dependent release kinetics is advantageous in targeted cancer therapies, since the pH of
tumor tissues is lower than that of healthy tissues. An elegant alternative approach to control the
release profile of drugs is the temporal programming of C3M association and disassociation. To
demonstrate the proof-of-principle, C3Ms have been exposed to controlled environments, which
were induced to undergo an autonomous variation in the solution pH through the production of
either base or acid, to disassemble and assemble the C3Ms within a predesignated timeframe
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reversibly. Specifically, C3Ms consisting of poly(N-methyl-2-vinylpyridinium iodide copolymer
(PM2VP-b-PEO) and poly [9,9-bis(3'-sodium propanoate)fluoren-2,7-yl] (cPF) were prepared at high
pH in the presence of the enzyme urease, loaded with Dox, and programmed for transient
disassembly by means of the urease-catalyzed hydrolysis of urea [153]. The water-soluble, conjugated
polyelectrolyte cPF was negatively charged in the initial basic solution and, thus, complexed with the
positively charged block copolymer. The addition of a urea-containing acidic buffer triggered the
rapid dissociation of the C3Ms, as the resultant lowering of the solution pH caused protonation of
cPF. Over time, the solution pH increased back to basic values as the rate of ammonia production
due to the pH-dependent urease-mediated hydrolysis of urea increased. As a consequence, the
micelles reassembled, and the released Dox was up retaken in the micellar core. Temporal
programming of polyelectrolyte assembly can also be achieved in other ways, via, e.g., clock reactions
and hydrolysis of cyclic esters, in an enzyme-based, as well as an enzyme-free, manner [154].

C3Ms are particularly advantageous in photodynamic therapy (PDT) and photothermal therapy
(PTT) [141,142]. PDT is based on the production of reactive oxygen species (ROS) in the target tissue
upon light irradiation. Conventional photosensitizers for PDT are hydrophobic aromatic molecules
that self-assemble due to mt-m interactions, which self-quenches the electronic excited states, resulting
in reduced ROS production. To overcome the reduced efficacy of photosensitizers due to association,
Kataoka and co-workers protected porphyrin photosensitizers against aggregation using a water-
soluble dendritic shell and subsequently prepared C3Ms from neutral-cationic block copolymers and
the anionic dendrimers with porphyrin cores [142,155,156]. Whilst the dendritic block restrained the
aggregation of the porphyrins, the micellar corona also offered a protective ‘stealth’ shell to lower the
cytotoxicity of the PDT. This enabled higher dosages and, thus, photochemical reactions at elevated
concentrations. The mitigation of adverse side effects caused by PDT accumulation in healthy tissue
was attributed to enhanced blood circulation times and EPR of the micellar formulations.

A sparsely explored yet appealing approach to solubilize hydrophobic cargo within C3Ms is the
complexation of neutral-charged block copolymers with ionic surfactants and aggregates thereof
[157-161]. Encapsulation of surfactant micelles within C3Ms can be advantageous, since it may
reduce the interactions between surfactants and bilayers, and thereby their cytotoxicity. The
formulation of these multicomponent systems is a multifactorial challenge, because the interaction
between the polyelectrolyte and surfactant may cause a signification reconfiguration or even
disintegration of the surfactant micelle [162]. The high local surfactant concentration within the
coacervate core may also induce phase transitions. External stimuli, such as salts, pH, and water-
soluble molecules, can further modify the phase behavior of the surfactants [163]. Moreover, the
solubilization of hydrophobic cargo can also alter the internal structure of the C3M core. Surfactant
micelles may be packed in a disordered fashion within the micellar core or instead adopt liquid-
crystalline ordering [16,164]. More importantly, thermodynamic considerations do not fully account
for the behavior of mixtures of ionic surfactants and polyelectrolytes, as, in many cases, their
association leads to kinetically trapped aggregates [165]. Disadvantageously, the solubilization
capacity for the hydrophobic cargo of surfactant-polyelectrolyte C3Ms is still limited. Aiming to
increase drug loading, Gradzielski and co-workers formulated macroscopic instead of microscopic
coacervates containing oil/water/surfactant microemulsions [166,167]. The high oil volume fraction
of microemulsions are promising for the encapsulation of large amounts of hydrophobic drugs. In
the future, these macroscopic coacervates may be dispersed into stable hydrocolloids to prepare
coacervate-based particles amenable to the solubilization of large amounts of both hydrophilic and
hydrophobic drugs.

4. Other Technological Applications

Exciting emerging applications of C3Ms also profit from the uniquely responsive nature of C3Ms
and advances in controlled polymerization techniques, which enable the preparation of micelles with
increasingly custom-tailored structure, stability, properties, and function. The incorporation of
multivalent metal ions, spectroscopic probes, multiblock copolymers, stimuli-responsive
(macro)molecules or nanoparticles, and unconventional water-soluble blocks extends the
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functionality of C3Ms to, e.g., diffusional probes [168,169], contrast agents and imaging probes
[138,170-173], nanoreactors [174], hydrogelators [175], and crystal growth modifiers [176], and
facilitates in-depth characterization at the ensemble and single-micelle level [177-179]. The
straightforward preparation by direct dissolution from cost-effective raw materials further facilitates
the translation of key concepts and innovations with high application potential into marketable
technologies. A list of components used to prepare C3Ms with technological applications is given in
Table 1D.

4.1. C3Ms as Nanoreactors and Templates

The coacervate core of the C3Ms is an ideal nanoreactor and scaffold to produce nanoparticles
(NPs) with controlled size and shape. For example, multivalent metallic salts directly interact with
neutral-ionic hydrophilic block copolymers to form C3Ms. Inorganic nanoparticles form upon
(spontaneous) reduction or hydrolysis of the metallic salts. The C3M core limits the growth of the
nanoparticles and, at the same time, provides outstanding colloidal stability. This water-based
strategy to create nanoparticles is advantageous because it avoids the use of organic solvents and
harmful substances. Consequently, the aqueous route is versatile, straightforward, and
environmentally friendly. The addition of different chemical functionalities to the neutral block can
also avoid time-consuming post-synthetic surface modifications. C3Ms have been utilized to produce
various types of metallic and semiconductor nanoparticles, including metals [174,180-184], metal
oxides [185-189], and quantum dots [190-192]. The coacervate core can also be used for biomimetic
mineralization of silica [193], barium carbonate [194], and calcium carbonate [195]. Furthermore,
C3Ms can template the formation of well-defined nanogels after chemical cross-linking of the core
[196-198].

The properties of NPs produced within the C3M nanoreactors are highly dependent on the block
length ratio of the ionic and neutral copolymer blocks, the overall molecular weight of the polymer,
the precursor salt-to-polymer ratio, pH, and ionic strength. Interestingly, the dimensions of the NPs
are not necessarily affected by the size of the micellar reactors in which the particles are produced.
Instead, the action of copolymers is, in some cases, reminiscent of crystal growth modifiers. For
example, the reduction of Agions in spherical C3Ms does not yield spherical silver nanoparticles, but
elongated, silver nanowires [199]. The internal structure and composition of C3Ms may be exploited
to direct the internal distribution of the produced and/or encapsulated nanoparticles [177,200].
Systematic studies on the influence of PAA molecular weight in C3Ms of PEG-b-PAA block
copolymers complexed with HAuCls revealed that the size of the Au NPs formed after reduction was
independent of the PAA block length [174,181]. In the presence of excess polyelectrolyte, the
negatively charged Au NPs decorated with PEG-b-PAA showed outstanding colloidal stability
towards salt, ionic strength, and temperature compared to common Au@citrate NPs. NP synthesis in
C3Ms with block copolymers with longer PAA blocks reduced the polymer grafting density onto the
NPs and concomitantly decreased colloidal stability towards physiological conditions. The
subsequent addition and reduction of Ag* generated Au@Ag core/shell nanoparticles with a broad
surface plasmon resonance, which offered exceptionally high power conversion efficiency in solar
cells [174,181].

4.2. C3Ms Based on Bio-Inspired Polymer Design

While the corona of the vast majority of C3Ms contains poly(ethylene oxide) chains as neutral,
water-solubilizing blocks to provide colloidal stability, it may be of great interest to (partially)
substitute these by other neutral, water-soluble blocks to achieve a specific function [176], impart
thermal responsivity [24], or induce lateral and/or radial coronal phase segregation to generate C3Ms
with a complex internal architecture [201,202]. For example, thermo-responsive blocks, such as
PNIPAM, with a relatively low lower critical solution temperature, may be incorporated to tune the
internal structure and colloidal stability of C3Ms [24,203]. The discovery of ice crystal growth
modulation by antifreeze proteins in arctic fish inspired the development of synthetic, ice-binding
polymers based on, e.g., poly(vinyl alcohol) (PVA) [204]. Interestingly, PVA-containing C3Ms can
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also inhibit the recrystallization of ice crystals, due to the polymer’s ice-binding properties [176].
These C3Ms may be loaded with freeze-sensitive molecules, such as proteins, to boost their stability
towards freeze-thaw cycling. The coacervate core of many (but not all) C3Ms is well-known to spread
on and attach to a variety of solids, including glass, metals, and oxides [205,206]. Such surfaces are,
thus, readily covered with a waterborne coating upon exposure to a C3M solution [207,208]. Catechol-
bearing polymers, present in mussel glue, can be used instead of PEG to favor strong adhesion to
solid substrates. Robust anchoring to stainless steel surfaces was reported for micelles consisting of
poly(3,4-dihydroxy-L-phenylalanine methacrylamide)-block-poly(dimethyl aminoethyl
methacrylate) (P(mDOPA)-co-P(DMAEMA)) and poly(styrene sulfonate) (PSS) [209]. The addition of
AgNQO:s to the micellar solution leads to a coating formulation with high antimicrobial activity
because the catechol groups reduce the silver ions to Ag’ and AgCl nanoparticles (DMAEMA
monomers are neutralized with chloride ions) (Table 1).

Table 1. (A) C3Ms with Polynucleotides. (B) C3Ms with Proteins. (C) C3Ms with (Small Molecular)
Drugs and Complexes. (D) C3Ms with Miscellaneous Oppositely Charged Species. (Morphologies:
S—sphere, E—ellipsoid, C—cylinder, V—vesicle, ND—not determined.).

A)
Oppositely Charged .. Size
Block Copolymer Species Application (Morphology) [REF]
PEG-b-pAsp(DET)-Chol pDNA Gene delivery 120 nm (ND) [13]
PEG-b-P(Lys-co-Lys(2IT)) pDNA Gene delivery 100&?;))nm [14]
cRGD-PEG-b-p(Lys-co-Lys(2IT)) siRNA Gene silencing 20 nm (S) [37]
Lac-PEG-b-siRNA PLL Gene silencing 120 nm (S) [38]
TGN-PEG-b-PDMAEMA pDNA Gene delivery 80 nm (S) [39]
PEG-b-PEI pDNA Gene delivery 100-150mm )
(ND)
PEG-b-p(Lys-co-Lys(FPBA)) siRNA Gene silencing 60-80 nm (ND) [42]
PEG-PLL siRNA Gene silencing 60 nm (S) [43]
CRGD_PEG_b_PASp(TFP) siRNA Gene silencing 50 nm (ND) [45]
tetraethylenepentamine
PEtOx-b-PnPrOx-b-PLL pDNA Gene delivery 100 nm (C) [47]
PEG-b-(DMAEMA-c0-BMA) siRNA Gene silencing 30 nm (S) [48]
PEG-b-PLL pDNA Gene delivery 7“323 é‘)m © 52
PEG-b-PAsp(DET) + PNIPAM-b-PAsp(DET) pDNA Gene delivery 70-90 nm (C) [53]
Poly(galactaramidopentaethylenetetramine) pDNA Gene delivery ND [57]
Polyester-based glycopolycation pDNA Gene delivery 50-70 nm (ND)  [58]
poly(glycoamidoguanidine)s pDNA Gene delivery 60-200nn (ND)  [59]
Poly(glycoamidoamine)s pDNA Gene delivery ND [61,85]
PEG-b-PEI pDNA Gene delivery 150 nm (ND) [66]
PEG-b-Arg-b-PCL (polycaprolactone) siRNA Gene silencing 100 nm (V) [70]
PEG-b-PLL pDNA Gene delivery 100-600 nm (C) [73]
PEG-PLL ssSDNA & dsDNA Fundamental 10-20 2;“ G& 175
PEG-b-PAPTAC ((3- .
Acrylamidopropyl)trimethylammonium) SIRNA Fundamental & C&L) (7]
PEG-b-PLL pDNA Gene delivery 200-350 nm [78]
. 80-600 nm (T,
PEG-b-PAsp(DET) pDNA Gene delivery O [80]
maPEG-b-PLL (ma is multiarm) pDNA Gene delivery 200-900 nm (C) [82]
PEG-b-PDMAEMA, PEG-b-PDMAEMA-b- . 150-100 nm
PnBMA & PDMAEMA-b-PnBMA PDNA Gene delivery (UD) (871
(B)
Oppositely Charged .. Size
Block Copolymer Species Application (Morphology) [REF]
- ) . 60-200 nm
PEG-b-PLL Insulin Protein delivery (ND) [15]
PEG-b-PMVP Cyclodextrin-ferrocene Fundamental 60nm (S)  [17]

host-guest
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PEG-b-pAsp PAsp(DET) + 3-gal Protein delivery 100 nm (V) [31]
PNIPAM-b-PDMAEA mCherry Nanostructured film 20-50 nm (ND) [88]
Fluorescent proteins
(SBFP2, mTurquoise2,
PEG-b-P2MVP mEGEFP, SYFP2, Fluorescent probes  ca. 60 nm (ND) [91]
mKO2, TagRFP,
mCherry)
PAAm-b-PAA PDMAEMA + Fundamental 0 o0mm(E& o0
Lysozyme S)
PEG-b-P2MVP PAA + Lipase Fundamental ca. 50 nm (S) [96]
PEG-b-P2MVP PAA + Lipase Fundamental 40 nm (S) [97]
PAA~ Enzymatic reactions
POEGMA-b-qP4VP Organophosphate . . 50-90nm (S)  [99]
in organic solvents
Hydrolase
PEG-b-pAsp(DET) Supercharged IgG antli\gggszcil(;?iilery a (;?g)nm [101]
Supercharged IgG + Monoclonal 100-200 nm
PEG-b-pAsp(DET) pPAsp (%JET;g antibody delivery (ND) [102]
POEGMA-b-PAA, POEGMA-b-PCEA, L Protein deli 30-100 nm 109
POEGMA-b-PAAVA, POEGMA-b-PAAOA ysozyme rofem delvery (ND) [109]
PEG-b-PAPA-b-PAsp Cytocrome C Protein delivery 90 nm (V) [110]
PEG-b-PDMAEMA-b-PnBMA Cas9 protein Gene editing 60-80 nm (ND) [111]
Superoxide Dismutase Protein delivery in
PEG-b-PEI and PEG-b-PLL the central nervous  70-170nm (S) [112]
and Catalase
system
Protein delivery in
PEG-b-PEI Catalase the central nervous 200 nm (ND)  [113]
system
PEG-b-PLL gﬁzﬁgﬁ‘i Vaccine delivery ~ 130nm (S)  [114]
PEG_b_P(Glu_CO_GE; I;]éi); PEG-b-P(Lys-co- C;?Z:E?ojrr:: c Protein delivery 80-120nm (S) [115]
Myoglobin and
PEG-PLL and supercharged Protein delivery 40nm (ND)  [116]
Myoglobin
Glucose Oxidase and
PEG-b-(DMAPA-co-TreA) Horseradish Fundamental ca.10nm (S)  [117]
Peroxidase
Supercharged B-
glucosidase,
Oxidized Bri SuPerCharged Glucose Enzyn?atic.self- ND [118]
Oxidase, Supercharged standing films
Horseradish
Peroxidase
(POEGMA-1-BP)-b-qP4VP Alkaline Phosphatase Enzymatic film @ (;?g)nm [119]
PEG-b-P2VP EGFP Fundamental 60 nm [120]
PEG-b-pAsp Trypsin Fundamental 70-100 nm [121]
(ND)
PEG-b-PAA, PEG-b-PGA, PEG-b-PMA Trypsin Fundamental ND [122]
PEG-b-pAsp Lysozyme Fundamental 55 nm (ND) [123]
Oxidized Brij Supercharged Fundamental ND [124]
Myoglobin
Oxidized Brij Supercharged Glucose Fundamental ND [125]
Oxidase
4-nonylphenyl-3-sulfopropyl ether Supercharged Ferritin Fundamental ND [126]
Supercharged
Horseradish
Oxidized Brij Peroxidase, Fundamental ca.4nm [128]
Supercharged Glucose
oxidase, Supercharged
Lipase

©
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Block Copolymer 0ppos;t;?czi§sharged Application (Mori‘lf;ogy) [REF]
PEG-b-P2MVP Metallic complexes Fundamental 60 nm (ND) [18]
PEG-b-PLL DTS + Doxorubicin Drug delivery 150 nm (S) [130]
PEG-b-PAA Doxorubicin; Drug delivery 200nm (S)  [132]
mitoxantrone
POEGMA-b-PqDMAEMA Heparin Drug delivery <50 nm (S) [134]
PEO-b-PDMAEMA alkyl phosphobetaines Drug delivery ND [135]

dibucaine, tetracaine,

PEO-b-PMA . Anaesthetic delivery 100 nm (S) [136]
and procaine

PEO-b-PAA Doxorubicin; Drug delivery 200nm (S)  [137]
mitoxantrone

PEO-b-PAA Gentamicin and Drug loading and 80 nm (S) [139]

magnetite

contrast agent

POEGMA-co-PBAPMA

Manganese complex +

Contrast agent or

50-100nm (S)  [140]

Doxorubicin drug delivery
PEG-b-PLGA ICG-PEI complex Photothermal 150nm (S)  [141]
therapy
. . Photodynamic
PEG-b-PLL porphyrin dendrimer 40-120nm (S)  [142]
therapy
PEG-b-bPEI Chondroitin sulfate Photodynamic 150nm (S)  [143]
therapy
PEG-b-PLL Phthalocyamne Photodynamic 50 nm (S) [144]
dendrimer therapy
2+ i
PEG-b-PMA Ca?, Crossh.nk, remove Monoclonal' 150 nm (S) [145]
calcium antibody carrier
PEG-b-PGlu oxaliplatin (platinum Drug delivery 30nm(S)  [149]
drugs)
PEG-b-PMA Dioxadet Drug delivery 120 nm (S) [152]
Carboxylated
PEG-b-PM2VP polyfluorene- Drug delivery 150 nm (E) [153]
Doxorubicin complex
PEG-b-PLys Zn—porPhyrm Photodynamic 50 nm (S) [156]
dendrimer therapy
PEG-b-PMA Doxorubicin Drug delivery ND [159]
PEG-b-PMA Dye or isotope labelled Diffusional 10-20 nm () [168,169]
PAH nanoprobe
PEG-b-PM2VP Manganese dipicolinic Contrast agent 25nm (S)  [170]
acid complexes
(D)
Oppositely Charged - Size
Block Copolymer Species Application (Morphology) [REF]
PEG-b-PM2VP Lanthanide complexes Contrast agent 20 nm (S) [171]
PEG-b-PM2VP-b-PS Europium complexes Ion-specific sensor 90 nm (S) [172]
PEG-b-PDMAEMA Eu polyoxometalates Labelling and 80nm(S)  [173]
imaging
Templated
PEG-b-PAA Au precursor nanoparticle 100 nm (S) [174]
formation
PVA-b-PAA PM4VP Ice growth inhibitor 100 nm (S) [176]
PEG-b-PM2VP cPF-alt-PBT Mechanochromic ¢ 1 (5)  [179]
sensor
Gold-silver core-
PEG-b-PAA Au precursor shell nanoparticle 50200 nm (S)  [181]
formation
PEG-b-PVP PtCle Mesoporous Pt 2%5nm (S)  [182]
particle formation
PEG-b-PAA Au precursor Catalysis 10 nm (S) [183]
PAAm-b-PAA Mg2* and Al Formation of stable * 1 (6) 18]
layered metal oxides
PAAM-b-PAA Cu? and A Formation of stable 5 (g 1g4)

layered metal oxides
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Porous nanocarrier,

PEG-b-PAA Fex0Os e.g., for drug 200 nm (S) [187]
molecules
PEG-b-PMA (NH:)2Ce(NO3)s eO2 production for ND [188]
catalysis

PEG-b-PAA Ru* Formation of RuO2 ND [189]
as supercapacitor

PAAm-b-PAA Zn2 Production of ZnS ND [190]
for optoelectronics

Production of stable

- 2+
PEG-PSCI Cd CdS quantum dots ND [192]
Nanogel templating

and formation

PEG-b-PAMPS Chitosan 50 nm (S) [197]

Hyaluronic acid or Nanogel templating

PEG-b-PAPTAC or PNIPAM-b-PAPTAC . .
alginate and formation

50-300nm (S)  [198]

Reduction of protein
PEG-b-PAETB PEG-b-PCETB adsorption on C3M- 30 nm (S) [205]
coated substrate

Reduction of protein 200 nm (multi-
PPEGMA-b-PAA PM2VP adsorption on silica micelle [207]
and PS aggregates)

Antimicrobial film
formation by
PmDOPA-PDMAEMA PSS reduction of silver 90 nm (S) [209]
ions in the
complexes

5. Conclusions and Outlook

C3Ms hold great promise for work towards the encapsulation and preservation of water-soluble,
ionic (macro)molecules, and other charged species. Their inherent responsiveness and tuneability are
fundamentally exciting and attractive for applications of C3Ms in a range of technologies, including
nanomedicine, coating technology, and (metal)organic nanoparticle synthesis. To fully exploit the
potential of this appealing class of smart materials, it is imperative to further advance our
understanding of the structure-function relations that govern their (dis)assembly pathways,
(exchange) dynamics, morphology, stability, physicochemical properties, and functionalities, so that
these may be fine-tuned as required for the selected application area. As the theoretical and
experimental knowledge on C3Ms steadily grows, many new questions, both fundamental and
applied, emerge. Advances in controlled polymerization strategies have accelerated the insight into
the structure-function relations of these systems, as these greatly facilitated systematic studies of the
impact of block length ratios and molecular weight on the structure, stability, properties, and
functional role of C3Ms. These, and other studies on the influence of, e.g., the nature and composition
of the constituent building blocks, have established a solid experimental foundation towards the
development of predictive models for micellar dimensions, stability, morphology, and their
variations in response to environmental cues. The elucidation of the relations between (block
co)polymer architecture and C3M properties further support rational design efforts towards C3Ms
with custom-tailored features and novel functionalities. Finally, we anticipate that the application of
state-of-the-art characterization tools, including high-resolution imaging approaches like nanoscopy,
will shed unprecedented mechanistic light in the near future on, e.g., the complex processes and
interaction pathways involved in the delivery and (intra)cellular release of biologics and other drugs
from C3M-based nanocarriers.
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Acronym

Full Name

Structure

Properties

Chitosan

poly(D-glucosamine)

Biobased
polysaccharide

Chol

Cholesterol

Most abundant
sterol in animals

cPF

poly[9,9"-bis(3"-sodium
propanoate)fluoren-2,7-yl]

*Na0OC

COO™Na*

Conjugated,
solvency-
dependent
fluorescence
emission

DTS

2,2'-dithiodisuccinic acid

posy

Oligoanionic
species; disulfide
bond cleaved
under reductive
conditions

2IT

2-iminothiolane

Thiolating agent,
reactive towards
primary amines,
such as in lysine

PAA

poly(acrylic acid)

Weak polyanion

PAAm

poly(acrylamide)

Water-soluble,
providing steric
stabilization

PAAOA

HOOC

poly(acryloylaminooctanoic acid)

o
Y

o

Charged at basic

pH; amphiphilic

when protonated
at acidic pH

PAAVA

poly(acryloylaminovaleric acid)

n
HOOC %
U (0]

Charged at basic

pH; amphiphilic

when protonated
at acidic pH

PAMPS

poly(2-acrylamido-2-
methylpropane sulfonic acid)

O/ N
\S\ H
o

Strong
polyanion, can
form gels
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0]
H Lipid-like,
PAPA poly(aminopalmitic acid) A hydrophobic side
chain
12
n
PAPTAC poly(3-acrylamidopropyl HN o Strong
trimethylammonium chloride) polycation
3 N+/
| er
(0]
Weak anioni
PAsp poly(L-aspartic acid) \éu / ; siyp?;ltci)gzc
HOOC
0O
\éu A Cationized
NPt . o polypeptide,
PAsp(DET) poly'[N IN-2 ammoethyl) 2 destabilization of
aminoethyl} aspartamide] 2
NH the endosomal
>£ membrane
HoN
::\E:\
Photo-cross-
PBP poly(benzophenone methacrylate) O linkable
sidechain
-
n
PCEA poly(carboxyethyl acrylate) o o polyzvkzi&jcfolyte
\\/COOH
Biocompatible
i and relatively
PCL poly(caprolactone) \é/\/\)l\o%/ slowly degraded
' in the body
n
PDMAEM poly(dimethylaminoethyl 0 0 Strong
A methacrylate) polycation
NTCr
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PEG or
PEO

poly(ethylene glycol) or
poly(ethylene oxide)

HO(\/\O/)]H

Biocompatible,
providing steric
stabilization

PEI

poly(ethylene imine)

H2N<\/\ ?/\
N
H/q

Polycation, can
also be branched;
high transfection

efficiency but
also high toxicity

P[FIBA

4-carboxy[-3-fluoro]phenylboronic
acid

OH

Reversibly cross-
linkable
functional group

PGA

poly(glycolic acid)

Biodegradable
polymer used for
example for
sutures

PGAA

poly(glycoamidoamine)

Reduced
immune
response and
cytotoxicity and
enhanced
transfection
efficiency; sugars
and length of
oligoamine can
be varied
(example shown)

PGlu

poly(glutamic acid)

HOOC

Anionic
polypeptide

PGluPBA

poly(glutamicamidophenylboroni
cacid)

Forms reversible,
covalent
complexes;
Lewis acid

PHis

poly(histidine)

Provides efficient
endosomal
escape

PLL or
PLys

poly(L-lysine)

HoN

Cationic
polypeptide
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PLLCA

poly(e-3,4-
dihydroxyphenylcarboxyl-L-
lysine)

Catechol group
forms boronate
ester with
boronic acid
under mild
conditions

PMA

poly(methacrylic acid)

Weak polyanion

PM2VP

poly(N-methyl-2-vinylpyridinium
iodide)

Strong
polycation,
degree of
quaternization
can yield varying
charge densities

PM4VP

poly(N-methyl-4-vinylpyridinium
iodide)

Strong
polycation,
degree of
quaternization
can yield varying
charge densities

PmDOPA

poly(N-methacryloyl-3,4-
dihydroxy-L-phenylalanine)

Catechol group
provides
adhesion to
inorganic
substrates (glass,
metals, metal
oxides)

PNIPAM

poly(N-isopropyl acrylamide)

Thermoresponsi
ve; LCST
polymer forms a
hydrophobic
barrier at body
temperature

PnPrOx

poly(2-n-propyl-2-oxazoline)

Thermoresponsi
ve; LCST
polymer forms a
hydrophobic
barrier at body
temperature

POEGMA

poly(oligo(ethylene glycol) methyl
ether methacrylate)

Biocompatible;
provides steric
stabilization and
anti-fouling
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poly(styrene sulfonate) sodium

PSS
salt

Strong polyanion

PTreA poly(trehalose propylacrylamide)

Sugar moieties
recognized by
receptors

Ice-binding;

PVA poly(vinyl alcohol) inhibits ice
OH recrystallization

(DPEC (inter)polyelectrolyte complex

ATP adenosine triphosphate

BIC block ionomer complex

C3M complex coacervate core micelle
dsDNA double-stranded DNA

1-ethyl-3-(3-
EDC dimethylaminopropyl)carbodiimi
de
EPR enhanced perm.eability and
retention

GFP green fluorescent protein

GOx glucose oxidase

HRP horseradish peroxidase
mRNA messenger RNA

NP nanoparticle

NPC nuclear pore complex

OPH organophosphate hydrolase
pDNA plasmid DNA

PDT photodynamic therapy

PIC polyion complex

polymerization-induced

PIESA
5 electrostatic self-assembly
PTT photothermal therapy
RAFT reversible ad(%ltlon—fragmentatlon
chain-transfer
siRNA small interfering RNA

ssDNA single-stranded DNA




Polymers 2020, 12, 1953 24 of 35

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zhao, L.; Skwarczynski, M.; Toth, 1. Polyelectrolyte-Based Platforms for the Delivery of Peptides and
Proteins. ACS Biomater. Sci. Eng. 2019, 5, 4937-4950, doi:10.1021/acsbiomaterials.9b01135.

Harada, A.; Kataoka, K. Polyion Complex Micelle Formation From Double-hydrophilic Block Copolymers
Composed of Charged and Non-Charged Segments in Aqueous Media. Polym. ]. 2018, 50, 95-100,
doi:10.1038/pj.2017.67.

Blocher McTigue, W.C.; Perry, S.L. Protein Encapsulation Using Complex Coacervates: What Nature Has
to Teach Us. Small 2020, 16, 1907671, doi:10.1002/sm11.201907671.

Gao; Holkar; Srivastava Protein-Polyelectrolyte Complexes and Micellar Assemblies. Polymers 2019, 11,
1097, d0i:10.3390/polym11071097.

Chen, F.; Stenzel, M.H. Polyion Complex Micelles for Protein Delivery. Aust. J. Chem. 2018, 71, 768,
doi:10.1071/CH18219.

Horn, J.M.; Kapelner, R.A.; Obermeyer, A.C. Macro- and Microphase Separated Protein-Polyelectrolyte
Complexes: Design Parameters and Current Progress. Polymers 2019, 11, 578, d0i:10.3390/polym11040578.
Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer Micelles in Nanomedicine Applications.
Chem. Rev. 2018, 118, 6844-6892, d0i:10.1021/acs.chemrev.8b00199.

Tang, Y,; Duan, J.; Wu, J. A Laser Light Scattering Study of Complex Formation Between Soybean
Peroxidase and poly(N-Isopropylacrylamide-co-Sodium Styrene Sulfonate). Colloids Surfaces A
Physicochem. Eng. Asp. 2012, 395, 82-87, d0i:10.1016/j.colsurfa.2011.12.009.

Dahling, C.; Lotze, G.; Drechsler, M.; Mori, H.; Pergushov, D.V.; Plamper, F.A. Temperature-Induced
Structure Switch in Thermo-Responsive Micellar Interpolyelectrolyte Complexes: Toward Core-Shell-
Corona and Worm-Like Morphologies. Soft Matter 2016, 12, 5127-5137, d0i:10.1039/c6sm00757k.

Plamper, F.A.; Gelissen, A.P.; Timper, ].; Wolf, A.; Zezin, A.B.; Richtering, W.; Tenhu, H.; Simon, U.; Mayer,
J.; Borisov, O. V.; et al. Spontaneous Assembly of Miktoarm Stars into Vesicular Interpolyelectrolyte
Complexes. Macromol. Rapid Commun. 2013, 34, 855-860, doi:10.1002/marc.201300053.

Serefoglou, E.; Oberdisse, J.; Staikos, G. Characterization of the Soluble Nanoparticles Formed Through
Coulombic Interaction of Bovine Serum Albumin with Anionic Graft Copolymers at Low pH.
Biomacromolecules 2007, 8, 1195-1199, doi:10.1021/bm061094t.

Voets, L.K.; de Keizer, A.; Cohen Stuart, M.A. Complex Coacervate Core Micelles. Adv. Colloid Interface Sci.
2009, 147-148, 300-318, doi:10.1016/J.CIS.2008.09.012.

Oba, M.; Miyata, K.; Osada, K.; Christie, R.J.; Sanjoh, M.; Li, W.; Fukushima, S.; Ishii, T.; Kano, M.R;;
Nishiyama, N.; et al. Polyplex Micelles Prepared from w-Cholesteryl PEG-Polycation Block Copolymers
for Systemic Gene Delivery. Biomaterials 2011, 32, 652—-663, doi:10.1016/j.biomaterials.2010.09.022.

Oba, M.; Vachutinsky, Y.; Miyata, K.; Kano, M.R,; Ikeda, S.; Nishiyama, N.; Itaka, K.; Miyazono, K;
Koyama, H.; Kataoka, K. Antiangiogenic Gene Therapy of Solid Tumor by Systemic Injection of Polyplex
Micelles Loading Plasmid DNA Encoding Soluble flt-1. Mol. Pharm. 2010, 7, 501-509,
doi:10.1021/mp9002317.

Pippa, N.; Kalinova, R.; Dimitrov, L; Pispas, S.; Demetzos, C. Insulin/Poly(Ethylene Glycol)-block-Poly(L-
Lysine) Complexes: Physicochemical Properties and Protein Encapsulation. |. Phys. Chem. B 2015, 119,
6813-6819, doi:10.1021/acs.jpcb.5b01664.

Gradzielski, M.; Hoffmann, I. Polyelectrolyte-Surfactant Complexes (PESCs) Composed of Oppositely
Charged Components. Curr. Opin. Colloid Interface Sci. 2018, 35, 124-141, doi:10.1016/j.cocis.2018.01.017.
Facciotti, C.; Saggiomo, V.; van Hurne, S.; Bunschoten, A.; Kaup, R.; Velders, A.H. Oxidant-Responsive
Ferrocene-Based Cyclodextrin Complex Coacervate Core Micelles. Supramol. Chem. 2020, 32, 30-38,
doi:10.1080/10610278.2019.1685094.

Wang, J.; Guan, W.; Tan, T.; Saggiomo, V.; Cohen Stuart, M.A.; Velders, A.H. Response of Metal-
Coordination-Based Polyelectrolyte Complex Micelles to Added Ligands and Metals. Soft Matter 2020, 16,
2953-2960, d0i:10.1039/c9sm02386k.

Yang, J.; Zhang, Q.; Chang, H.; Cheng, Y. Surface-Engineered Dendrimers in Gene Delivery. Chem. Rev.
2015, 115, 5274-5300, doi:10.1021/cr500542t.

Pergushov, D. V.; Miiller, A.H.E.; Schacher, F.H. Micellar interpolyelectrolyte complexes. Chem. Soc. Rev.
2012, 41, 6888-6901, d0i:10.1039/c2cs35135h.



Polymers 2020, 12, 1953 25 of 35

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Voets, L.K,; Fokkink, R.; Hellweg, T.; King, S.M.; De Waard, P.; De Keizer, A.; Cohen Stuart, M.A.
Spontaneous Symmetry Breaking: Formation of Janus Micelles. Soft Matter 2009, 5, 999-1005,
doi:10.1039/b812793;.

Betthausen, E.; Drechsler, M.; Fortsch, M.; Pergushov, D.V.; Schacher, F.H.; Miiller, A.H.E. Stimuli-
Responsive Micellar Interpolyelectrolyte Complexes-Control of Micelle Dynamics via Core Crosslinking.
Soft Matter 2012, 8, 10167-10177, doi:10.1039/c2sm26221e.

Synatschke, C. V.; Schacher, F.H.; Fortsch, M.; Drechsler, M.; Miiller, A.H.E. Double-Layered Micellar
Interpolyelectrolyte Complexes—How Many Shells to a Core? Soft Matter 2011, 7, 1714-1725,
do0i:10.1039/c0sm01195a.

Voets, L.K,; Moll, P.M.; Aqil, A.; Jérome, C.; Detrembleur, C.; De Waard, P.; De Keizer, A.; Cohen Stuart,
M.A. Temperature responsive complex coacervate core micelles with a PEO and PNIPAAm corona. J. Phys.
Chem. B 2008, 112, 10833-10840, doi:10.1021/jp8014832.

Gucht, J. van der; Spruijt, E.; Lemmers, M.; Cohen Stuart, M.A. Polyelectrolyte complexes: Bulk phases and
colloidal systems. J. Colloid Interface Sci. 2011, 361, 407-422, doi:10.1016/j.jcis.2011.05.080.

Sadman, K,; Wang, Q.; Chen, Y.; Keshavarz, B.; Jiang, Z.; Shull, K.R. Influence of Hydrophobicity on
Polyelectrolyte Complexation. Macromolecules 2017, 50, 9417-9426, d0i:10.1021/acs.macromol.7b02031.

van Hees, I.A.; Swinkels, P.J.M.; Fokkink, R.G.; Velders, A.H.; Voets, I.K.; van der Gucht, J.; Kamperman,
M. Self-Assembly of Oppositely Charged Polyelectrolyte Block Copolymers Containing Short
Thermoresponsive Blocks. Polym. Chem. 2019, 10, 3127-3134, doi:10.1039/C9PY00250B.

Fehér, B.; Zhu, K; Nystrom, B.; Varga, I.; Pedersen, ].S. Effect of Temperature and Ionic Strength on Micellar
Aggregates of Oppositely Charged Thermoresponsive Block Copolymer Polyelectrolytes. Langmuir 2019,
35, 13614-13623, doi:10.1021/acs.langmuir.9b01896.

Van Der Kooij, H.M.; Spruijt, E.; Voets, LK.; Fokkink, R.; Cohen Stuart, M.A.; Van Der Gucht, J. On the
Stability and Morphology of Complex Coacervate Core Micelles: From Spherical to Wormlike Micelles.
Langmuir 2012, 28, 14180-14191, doi:10.1021/1a303211b.

Yoon, H.; Dell, E.J.; Freyer, ].L.; Campos, L.M.; Jang, W.D. Polymeric Supramolecular Assemblies Based on
Multivalent Ionic Interactions for Biomedical Applications. Polymer 2014, 55, 453-464,
doi:10.1016/j.polymer.2013.12.038.

Anraku, Y.; Kishimura, A.; Kamiya, M.; Tanaka, S.; Nomoto, T.; Toh, K.; Matsumoto, Y.; Fukushima, S.;
Sueyoshi, D.; Kano, M.R;; et al. Systemically Injectable Enzyme-Loaded Polyion Complex Vesicles as in
Vivo Nanoreactors Functioning in Tumors. Angew. Chem. Int. Ed. 2016, 55, doi:10.1002/anie.201508339.
Tibbitt, M.W.; Dahlman, J.E.; Langer, R. Emerging Frontiers in Drug Delivery. ]. Am. Chem. Soc. 2016,
doi:10.1021/jacs.5b09974.

Gary, E.N.; Weiner, D.B. DNA Vaccines: Prime Time is Now. Curr. Opin. Immunol. 2020, 65, 21-27,
doi:10.1016/j.c01.2020.01.006.

Wahlich, J.; Desai, A.; Greco, F.; Hill, K,; Jones, A.T.; Mrsny, R.J.; Pasut, G.; Perrie, Y.; Seib, F.P.; Seymour,
LW, et al. Nanomedicines for the Delivery of Biologics. Pharmaceutics 2019, 11, 210,
do0i:10.3390/pharmaceutics11050210.

Pisal, D.S.; Kosloski, M.P.; Balu-Iyer, S.V. Delivery of Therapeutic Proteins. J. Pharm. Sci. 2010, 99, 2557—
2575, d0i:10.1002/jps.22054.

Aied, A ; Greiser, U,; Pandit, A.; Wang, W. Polymer Gene Delivery: Overcoming the Obstacles. Drug Discov.
Today 2013, 18, 1090-1098, doi:10.1016/].DRUDIS.2013.06.014.

Christie, R.J.; Matsumoto, Y.; Miyata, K.; Nomoto, T.; Fukushima, S.; Osada, K.; Halnaut, J.; Pittella, F.; Kim,
H.J.; Nishiyama, N.; et al. Targeted Polymeric Micelles for siRNA Treatment of Experimental Cancer by
Intravenous Injection. ACS Nano 2012, 6, 5174-5189, d0i:10.1021/nn300942b.

Oishi, M.; Nagasaki, Y.; Itaka, K.; Nishiyama, N.; Kataoka, K. Lactosylated Poly(Ethylene Glycol)-siRNA
Conjugate Through Acid-Labile B-Thiopropionate Linkage to Construct pH-Sensitive Polyion Complex
Micelles Achieving Enhanced Gene Silencing in Hepatoma Cells. |. Am. Chem. Soc. 2005, 127, 1624-1625,
doi:10.1021/ja044941d.

Qian, Y,; Zha, Y.; Feng, B.; Pang, Z.; Zhang, B.; Sun, X,; Ren, J.; Zhang, C.; Shao, X.; Zhang, Q.; et al.
PEGylated Poly(2-(Dimethylamino) Ethyl Methacrylate)/DNA Polyplex Micelles Decorated with Phage-
Displayed TGN Peptide for Brain-Targeted Gene Delivery. Biomaterials 2013, 34, 2117-2129,
doi:10.1016/j.biomaterials.2012.11.050.



Polymers 2020, 12, 1953 26 of 35

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Burke, R.S.; Pun, S.H. Extracellular Barriers to in Vivo PEI and PEGylated PEI Polyplex-Mediated Gene
Delivery to the Liver. Bioconjug. Chem. 2008, 19, 693-704, doi:10.1021/bc700388u.

Wen, H.; Yu, Q.; Yin, Y.; Pan, W.; Yang, S.; Liang, D. Shear Effects on Stability of DNA Complexes in the
Presence of Serum. Biomacromolecules 2017, 18, 3252-3259, do0i:10.1021/acs.biomac.7b00900.

Naito, M.; Ishii, T.; Matsumoto, A.; Miyata, K.; Miyahara, Y.; Kataoka, K. A Phenylboronate-Functionalized
Polyion Complex Micelle for ATP-Triggered Release of siRNA. Angew. Chem. Int. Ed. 2012, 51, 10751-10755,
doi:10.1002/anie.201203360.

Matsumoto, S.; Christie, R.J.; Nishiyama, N.; Miyata, K.; Ishii, A.; Oba, M.; Koyama, H.; Yamasaki, Y.;
Kataoka, K. Environment-Responsive Block Copolymer Micelles with a Disulfide Cross-Linked Core for
Enhanced siRNA Delivery. Biomacromolecules 2009, 10, 119-127, doi:10.1021/bm800985e.

Heller, P.; Hobernik, D.; Lachelt, U.; Schinnerer, M.; Weber, B.; Schmidt, M.; Wagner, E.; Bros, M.; Barz, M.
Combining Reactive Triblock Copolymers with Functional Cross-Linkers: A Versatile Pathway to Disulfide
Stabilized-Polyplex Libraries and their Application as pDNA Vaccines. J. Control. Release 2017, 258, 146~
160, doi:10.1016/j.jconrel.2017.05.012.

Kim, H.J.; Ishii, T.; Zheng, M.; Watanabe, S.; Toh, K.; Matsumoto, Y.; Nishiyama, N.; Miyata, K.; Kataoka,
K.; Kim, H.J.; et al. Multifunctional Polyion Complex Micelle Featuring Enhanced Stability, Targetability,
and Endosome Escapability for Systemic siRNA Delivery to Subcutaneous Model of Lung Cancer. Drug
Deliv. Transl. Res 2014, 4, 50-60, doi:10.1007/s13346-013-0175-6.

Kim, H.J.; Ishii, A.; Miyata, K.; Lee, Y.; Wu, S.; Oba, M.; Nishiyama, N.; Kataoka, K. Introduction of Stearoyl
Moieties into a Biocompatible Cationic Polyaspartamide Derivative, PAsp(DET), with Endosomal Escaping
Function for Enhanced siRNA-Mediated Gene Knockdown. ]. Control. Release 2010, 145, 141-148,
doi:10.1016/j.jconrel.2010.03.019.

Osawa, S.; Osada, K.; Hiki, S.; Dirisala, A.; Ishii, T.; Kataoka, K. Polyplex Micelles with Double-Protective
Compartments of Hydrophilic Shell and Thermoswitchable Palisade of Poly(oxazoline)-Based Block
Copolymers  for Promoted Gene Transfection. Biomacromolecules 2016, 17, 354-361,
doi:10.1021/acs.biomac.5b01456.

Nelson, C.E.; Kintzing, J.R.; Hanna, A.; Shannon, ].M.; Gupta, M.K.; Duvall, C.L. Balancing Cationic and
Hydrophobic Content of PEGylated siRNA Polyplexes Enhances Endosome Escape, Stability, Blood
Circulation Time, and Bioactivity in Vivo. ACS Nano 2013, 7, 8870-8880, doi:10.1021/nn403325f.

Takemoto, H.; Miyata, K.; Hattori, S.; Ishii, T.; Suma, T.; Uchida, S.; Nishiyama, N.; Kataoka, K. Acidic pH-
Responsive siRNA Conjugate for Reversible Carrier Stability and Accelerated Endosomal Escape with
Reduced IFNa-Associated Immune Response. Angew. Chem. Int. Ed. 2013, 52, 6218-6221,
doi:10.1002/anie.201300178.

Mok, H.; Lee, S.H.; Park, ].W.; Park, T.G. Multimeric Small Interfering Ribonucleic Acid for Highly Efficient
Sequence-Specific Gene Silencing. Nat. Mater. 2010, 9, 272-278, d0i:10.1038/nmat2626.

Takemoto, H.; Ishii, A.; Miyata, K.; Nakanishi, M.; Oba, M.; Ishii, T.; Yamasaki, Y.; Nishiyama, N.; Kataoka,
K. Polyion Complex Stability and Gene Silencing Efficiency with a siRNA-Grafted Polymer Delivery
System. Biomaterials 2010, 31, 8097-8105, doi:10.1016/j.biomaterials.2010.07.015.

Osada, K.; Shiotani, T.; Tockary, T.A.; Kobayashi, D.; Oshima, H.; Ikeda, S.; Christie, R.]J.; Itaka, K.; Kataoka,
K. Enhanced Gene Expression Promoted by the Quantized Folding of pDNA Within Polyplex Micelles.
Biomaterials 2012, 33, 325-332, d0i:10.1016/j.biomaterials.2011.09.046.

Li, J.; Chen, Q.; Zha, Z,; Li, H.; Toh, K; Dirisala, A.; Matsumoto, Y.; Osada, K.; Kataoka, K.; Ge, Z. Ternary
Polyplex Micelles with PEG Shells and Intermediate Barrier to Complexed DNA Cores For Efficient
Systemic Gene Delivery. J. Control. Release 2015, 209, 77-87, doi:10.1016/j.jconrel.2015.04.024.

Fischer, D.; Li, Y.; Ahlemeyer, B.; Krieglstein, J.; Kissel, T. In Vitro Cytotoxicity Testing of Polycations:
Influence of Polymer Structure on Cell Viability and Hemolysis. Biomaterials 2003, 24, 1121-1131,
doi:10.1016/S0142-9612(02)00445-3.

Wagner, M.; Rinkenauer, A.C.; Schallon, A.; Schubert, U.S. Opposites Attract: Influence of the Molar Mass
of Branched Poly(Ethylene Imine) on Biophysical Characteristics of siRNA-Based Polyplexese. RSC Adv.
2013, 3, 12774, d0i:10.1039/c3ra42069h.

Cai, J; Yue, Y,; Rui, D.; Zhang, Y.; Liu, S.; Wu, C. Effect of Chain Length on Cytotoxicity and Endocytosis
of Cationic Polymers. Macromolecules 2011, 44, 20502057, d0i:10.1021/ma102498g.

Fichter, K.M.; Ingle, N.P.; McLendon, P.M.; Reineke, T.M. Polymeric Nucleic Acid Vehicles Exploit Active
Interorganelle Trafficking Mechanisms. ACS Nano 2013, 7, 347-364, d0i:10.1021/nn304218q.



Polymers 2020, 12, 1953 27 of 35

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Lee, C.-C.; Liu, Y.; Reineke, T.M. Glucose-Based Poly(ester amines): Synthesis, Degradation, and Biological
Delivery. ACS Macro Lett. 2012, 1, 1388-1392, d0i:10.1021/mz300505t.

Taori, V.P.; Lu, H,; Reineke, T.M. Structure-Activity Examination of Poly(glycoamidoguanidine)s:
Glycopolycations Containing Guanidine Units for Nucleic Acid Delivery. Biomacromolecules 2011, 12, 2055-
2063, doi:10.1021/bm101537f.

Van Bruggen, C; Hexum, J.K;; Tan, Z.; Dalal, R.J.; Reineke, T.M. Nonviral Gene Delivery with Cationic
Glycopolymers. Acc. Chem. Res. 2019, 1347-1358, do0i:10.1021/acs.accounts.8b00665.

Liu, Y.; Reineke, T.M. Degradation of Poly(glycoamidoamine) DNA Delivery Vehicles: Polyamide
Hydrolysis at Physiological Conditions Promotes DNA Release. Biomacromolecules 2010, 11, 316-325,
d0i:10.1021/bm9008233.

Yang, S.; May, S. Release of Cationic Polymer-DNA Complexes from the Endosome: A Theoretical
Investigation of the Proton Sponge Hypothesis. J. Chem. Phys. 2008, 129, 185105, d0i:10.1063/1.3009263.
Wojnilowicz, M.; Glab, A.; Bertucci, A.; Caruso, F.; Cavalieri, F. Super-resolution Imaging of Proton
Sponge-Triggered Rupture of Endosomes and Cytosolic Release of Small Interfering RNA. ACS Nano 2019,
13, 187-202, doi:10.1021/acsnano.8b05151.

Lungwitz, U.; Breunig, M.; Blunk, T.; Gopferich, A. Polyethylenimine-Based Non-Viral Gene Delivery
Systems. Eur. J. Pharm. Biopharm. 2005, 60, 247-266, doi:10.1016/j.ejpb.2004.11.011.

Zakeri, A.; Kouhbanani, M.A J.; Beheshtkhoo, N.; Beigi, V.; Mousavi, S.M.; Hashemi, S.A.R.; Karimi Zade,
A.; Amani, A.M,; Savardashtaki, A.; Mirzaei, E.; et al. Polyethylenimine-Based Nanocarriers in Co-Delivery
of Drug and Gene: a Developing Horizon. Nano Rev. Exp. 2018, 9, 1488497,
doi:10.1080/20022727.2018.1488497.

Najafi, H.; Abolmaali, S.S.; Owrangi, B.; Ghasemi, Y.; Tamaddon, A.M. Serum Resistant and Enhanced
Transfection of Plasmid DNA by PEG-Stabilized Polyplex Nanoparticles of L-Histidine Substituted
Polyethyleneimine. Macromol. Res. 2015, 23, 618-627, doi:10.1007/s13233-015-3074-5.

Uchida, H.; Miyata, K.; Oba, M.; Ishii, T.; Suma, T.; Itaka, K.; Nishiyama, N.; Kataoka, K. Odd-Even Effect
of Repeating Aminoethylene Units in the Side Chain of N-Substituted Polyaspartamides on Gene
Transfection Profiles. J. Am. Chem. Soc. 2011, 133, 15524-15532, d0i:10.1021/ja204466y.

Itaka, K.; Ishii, T.; Hasegawa, Y.; Kataoka, K. Biodegradable Polyamino Acid-Based Polycations as Safe and
Effective Gene Carrier Minimizing Cumulative Toxicity. Biomaterials 2010, 31, 3707-3714,
doi:10.1016/j.biomaterials.2009.11.072.

Suma, T.; Miyata, K.; Anraku, Y.; Watanabe, S.; Christie, R.].; Takemoto, H.; Shioyama, M.; Gouda, N.; Ishii,
T.; Nishiyama, N.; et al. Smart Multilayered Assembly for Biocompatible siRNA Delivery Featuring
Dissolvable Silica, Endosome-Disrupting Polycation, and Detachable PEG. ACS Nano 2012, 6, 6693—-6705,
doi:10.1021/nn301164a.

Sun, C.Y,; Shen, S.; Xu, C.F,; Li, H],; Liu, Y.; Cao, Z.T.; Yang, X.Z.; Xia, ] X.; Wang, J. Tumor Acidity-
Sensitive Polymeric Vector for Active Targeted siRNA Delivery. J. Am. Chem. Soc. 2015, 137, 15217-15224,
doi:10.1021/jacs.5b09602.

Champion, J.A.; Katare, Y.K.; Mitragotri, S. Particle shape: A New Design Parameter for Micro- and
Nanoscale Drug Delivery Carriers. J. Control. Release 2007, 121, 3-9, d0i:10.1016/j.jconrel.2007.03.022.
Geng, Y.; Dalhaimer, P.; Cai, S.; Tsai, R.; Tewari, M.; Minko, T.; Discher, D.E. Shape Effects of Filaments
Versus Spherical Particles in Flow and Drug Delivery. Nat. Nanotechnol. 2007, 2, 249-255,
doi:10.1038/nnano.2007.70.

Dirisala, A.; Osada, K.; Chen, Q.; Tockary, T.A.; Machitani, K.; Osawa, S.; Liu, X,; Ishii, T.; Miyata, K.; Oba,
M.; et al. Optimized Rod Length of Polyplex Micelles for Maximizing Transfection Efficiency and their
Performance in Systemic Gene Therapy Against Stroma-Rich Pancreatic Tumors. Biomaterials 2014, 35,
5359-5368, d0i:10.1016/j.biomaterials.2014.03.037.

Marras, A.E.; Vieregg, J.R.; Ting, ].M.; Rubien, ].D.; Tirrell, M. V. Polyelectrolyte Complexation of
Oligonucleotides by Charged Hydrophobic—Neutral Hydrophilic Block Copolymers. Polymers 2019, 11,
83, doi:10.3390/polym11010083.

Lueckheide, M.; Vieregg, ].R.; Bologna, A.J.; Leon, L.; Tirrell, M. V. Structure-Property Relationships of
Oligonucleotide  Polyelectrolyte =~ Complex  Micelles. Nano  Lett. 2018, 18,  7111-7117,
do0i:10.1021/acs.nanolett.8b03132.



Polymers 2020, 12, 1953 28 of 35

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Hud, N. V.; Downing, K.H. Cryoelectron Microscopy of A Phage DNA Condensates in Vitreous Ice: The
Fine Structure of DNA Toroids. Proc. Natl. Acad. Sci. USA 2001, 98, 14925-14930,
doi:10.1073/pnas.261560398.

Shen, L.; Li, Y,; Lu, Q.; Qi, X.; Wu, X,; Zhou, Z.; Shen, ]. Directed Arrangement of siRNA via Polymerization-
Induced Electrostatic Self-Assembly. Chem. Commun. 2020, 56, 2411-2414, doi:10.1039/C9CC08858].
Boylan, N.J.; Suk, ].S.; Lai, S.K; Jelinek, R.; Boyle, M.P.; Cooper, M.].; Hanes, ]. Highly Compacted DNA
Nanoparticles With low MW PEG Coatings: In Vitro, ex Vivo and in Vivo Evaluation. |. Control. Release
2012, 157, 72-79, doi:10.1016/j.jconrel.2011.08.031.

Jiang, X.; Qu, W.; Pan, D.; Ren, Y.; Williford, ].M.; Cui, H.; Luijten, E.; Mao, H.Q. Plasmid-Templated Shape
Control of Condensed DNA-Block Copolymer Nanoparticles. Adv. Mater. 2013, 25, 227-232,
doi:10.1002/adma.201202932.

Li, Y.; Osada, K.; Chen, Q.; Tockary, T.A.; Dirisala, A.; Takeda, K.M.; Uchida, S.; Nagata, K.; Itaka, K;
Kataoka, K. Toroidal Packaging of pDNA into Block Ionomer Micelles Exerting Promoted in Vivo Gene
Expression. Biomacromolecules 2015, 16, 2664-2671, doi:10.1021/acs.biomac.5b00491.

Rinkenauer, A.C.; Schubert, S.; Traeger, A.; Schubert, U.S. The Influence of Polymer Architecture on in
Vitro pDNA Transfection. ]. Mater. Chem. B 2015, 3, 7477-7493, d0i:10.1039/C5TB00782H.

Aono, R; Yuba, E.; Harada, A.; Kono, K. Nanofiber Polyplex Formation Based on the Morphology
Elongation by the Intrapolyplex PEG Crowding Effect. ACS Macro Lett. 2014, 3, 333-336,
doi:10.1021/mz500072k.

Feiner-Gracia, N.; Olea, R.A,; Fitzner, R.; El Boujnouni, N.; Van Asbeck, A.H.; Brock, R.; Albertazzi, L.
Super-resolution Imaging of Structure, Molecular Composition, and Stability of Single Oligonucleotide
Polyplexes. Nano Lett. 2019, 19, 2784-2792, d0i:10.1021/acs.nanolett.8b04407.

Riera, R.; Feiner-Gracia, N.; Fornaguera, C.; Cascante, A.; Borrds, S.; Albertazzi, L. Tracking the DNA
Complexation State of pBAE Polyplexes in Cells with Super Resolution Microscopy. Nanoscale 2019, 11,
17869-17877, doi:10.1039/c9nr02858g.

Grandinetti, G.; Reineke, T.M. Exploring the Mechanism of Plasmid DNA Nuclear Internalization with
Polymer-Based Vehicles. Mol. Pharm. 2012, doi:10.1021/mp300142d.

Grosse, S.; Thévenot, G.; Monsigny, M.; Fajac, I. Which Mechanism for Nuclear Import of Plasmid DNA
Complexed with Polyethylenimine Derivatives? . Gene Med. 2006, 8, 845-851, d0i:10.1002/jgm.915.

Tan, Z.; Jiang, Y.; Zhang, W.; Karls, L.; Lodge, T.P.; Reineke, T.M. Polycation Architecture and Assembly
Direct Successful Gene Delivery: Micelleplexes Outperform Polyplexes via Optimal DNA Packaging. J. Am.
Chem. Soc. 2019, 141, 1580415817, doi:10.1021/jacs.9b06218.

Kim, B.; Lam, C.N.; Olsen, B.D. Nanopatterned Protein Films Directed by Ionic Complexation with Water-
Soluble Diblock Copolymers. Macromolecules 2012, 45, 4572-4580, d0i:10.1021/ma2024914.

Cummings, C.S.; Obermeyer, A.C. Phase Separation Behavior of Supercharged Proteins and
Polyelectrolytes. Biochemistry 2018, 57, 314-323, d0i:10.1021/acs.biochem.7b00990.

Obermeyer, A.C.; Mills, C.E.; Dong, X.-H.; Flores, R.].; Olsen, B.D. Complex Coacervation of Supercharged
Proteins with Polyelectrolytes. Soft Matter 2016, 12, 3570-3581, doi:10.1039/C6SMO00002A.

Nolles, A.; Westphal, A.H.; Kleijn, ].M.; van Berkel, W.J.H.; Borst, ].W. Colorful Packages: Encapsulation of
Fluorescent Proteins in Complex Coacervate Core Micelles. Int. ]. Mol. Sci. 2017, 18, 1557,
d0i:10.3390/ijms18071557.

Karayianni, M.; Pispas, S. Complexation of Stimuli-Responsive Star-Like Amphiphilic Block
Polyelectrolyte Micelles with Lysozyme. Soft Matter 2012, 8, 8758-8769, doi:10.1039/c2sm26084k.

Xu, Y.; Mazzawi, M.; Chen, K.; Sun, L.; Dubin, P.L. Protein Purification by Polyelectrolyte Coacervation:
Influence of Protein Charge Anisotropy on Selectivity. Biomacromolecules 2011, 12, 1512-1522,
doi:10.1021/bm101465y.

Pathak, J.; Rawat, K.; Bohidar, H.B. Is Surface Patch Binding Between Proteins Symmetric About Isoelectric
pH? RSC Adv. 2014, doi:10.1039/c4ra02372b.

Lindhoud, S.; Renko de Vries; Willem Norde, A.; Cohen Stuart, M.A. Structure and Stability of Complex
Coacervate Core Micelles with Lysozyme. Biomacromolecules 2007, doi:10.1021/BM0700688.

Lindhoud, S.; Norde, W.; Cohen Stuart, M.A. Effects of Polyelectrolyte Complex Micelles and Their
Components on the Enzymatic Activity of Lipase. Langmuir 2010, 26, 9802-9808, doi:10.1021/1a1000705.
Lindhoud, S.; De Vries, R.; Schweins, R.; Cohen Stuart, M.A.; Norde, W. Salt-induced release of lipase from
polyelectrolyte complex micelles. Soft Matter 2009, 5, 242-250, d0i:10.1039/b811640g.



Polymers 2020, 12, 1953 29 of 35

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Black, K.A.; Priftis, D.; Perry, S.L.; Yip, J.; Byun, W.Y,; Tirrell, M. Protein Encapsulation via Polypeptide
Complex Coacervation. ACS Macro Lett. 2014, 3, 1088-1091, doi:10.1021/mz500529v.

Mills, C.E.; Obermeyer, A.; Dong, X.; Walker, ].; Olsen, B.D. Complex Coacervate Core Micelles for the
Dispersion and Stabilization of Organophosphate Hydrolase in Organic Solvents. Langmuir 2016, 32, 13367-
13376, d0i:10.1021/acs.langmuir.6b02350.

Krishnan, Y.; Rees, H.A.; Rossitto, C.P.; Kim, S.-E.; Hung, H.-H.K,; Frank, E.H.; Olsen, B.D.; Liu, D.R;;
Hammond, P.T.; Grodzinsky, A.J. Green Fluorescent Proteins Engineered for Cartilage-Targeted Drug
Delivery: Insights for Transport into Highly Charged Avascular Tissues. Biomaterials 2018, 183, 218-233,
doi:10.1016/].BIOMATERIALS.2018.08.050.

Lee, Y.; Ishii, T.; Kim, HJ.; Nishiyama, N.; Hayakawa, Y.; Itaka, K.; Kataoka, K. Efficient Delivery of
Bioactive Antibodies into the Cytoplasm of Living Cells by Charge-Conversional Polyion Complex
Micelles. Angew. Chem. Int. Ed. 2010, 49, 2552-2555, d0i:10.1002/anie.200905264.

Kim, A.; Miura, Y.; Ishii, T.; Mutaf, O.F.; Nishiyama, N.; Cabral, H.; Kataoka, K. Intracellular Delivery of
Charge-Converted Monoclonal Antibodies by Combinatorial Design of Block/Homo Polyion Complex
Micelles. Biomacromolecules 2016, 17, 446453, d0i:10.1021/acs.biomac.5b01335.

Lv, J.; Fan, Q.; Wang, H.; Cheng, Y. Polymers for Cytosolic Protein Delivery. Biomaterials 2019, 218, 119358,
doi:10.1016/].BIOMATERIALS.2019.119358.

Mout, R.;Ray, M,; Tay, T.; Sasaki, K.; Yesilbag Tonga, G.; Rotello, V.M. General Strategy for Direct Cytosolic
Protein Delivery via Protein-Nanoparticle Co-engineering. ACS Nano 2017, 11, 6416-6421,
doi:10.1021/acsnano.7b02884.

Zuris, J.A.; Thompson, D.B.; Shu, Y.; Guilinger, ].P.; Bessen, ].L.; Hu, ].H.; Maeder, M.L.; Joung, ].K.; Chen,
Z.-Y.; Liu, D.R. Cationic Lipid-Mediated Delivery of Proteins Enables Efficient Protein-Based Genome
Editing in Vitro and in Vivo. Nat. Biotechnol. 2015, 33, 73-80, d0i:10.1038/nbt.3081.

Simon, J.R.; Carroll, N.J.; Rubinstein, M.; Chilkoti, A.; Lépez, G.P. Programming Molecular Self-Assembly
of Intrinsically Disordered Proteins Containing Sequences of Low Complexity. Nat. Chem. 2017, 9, 509-515,
doi:10.1038/nchem.2715.

Kapelner, R.A.; Obermeyer, A.C. Ionic Polypeptide Tags for Protein Phase Separation. Chem. Sci. 2019, 10,
2700-2707, doi:10.1039/C8SC04253E.

Postupalenko, V.; Desplancq, D.; Orlov, I.; Amntz, Y.; Spehner, D.; Mely, Y.; Klaholz, B.P.; Schultz, P.; Weiss,
E.; Zuber, G. Protein Delivery System Containing a Nickel-Immobilized Polymer for Multimerization of
Affinity-Purified His-Tagged Proteins Enhances Cytosolic Transfer. Angew. Chem. Int. Ed. 2015, 54, 10583
10586, doi:10.1002/anie.201505437.

Li, K,; Chen, F.; Wang, Y.; Stenzel, M.H.; Chapman, R. Polyion Complex Micelles for Protein Delivery
Benefit from Flexible Hydrophobic Spacers in the Binding Group. Macromol. Rapid Commun. 2020, 2000208,
d0i:10.1002/marc.202000208.

Qiu, M.; Zhang, Z.; Wei, Y.; Sun, H.; Meng, F.; Deng, C.; Zhong, Z. Small-Sized and Robust Chimaeric
Lipopepsomes: A Simple and Functional Platform with High Protein Loading for Targeted Intracellular
Delivery of Protein Toxin in Vivo. Chem. Mater. 2018, 30, 68316838, d0i:10.1021/acs.chemmater.8b02868.
Tan, Z.; Jiang, Y.; Ganewatta, M.S.; Kumar, R.; Keith, A.; Twaroski, K.; Pengo, T.; Tolar, J.; Lodge, T.P.;
Reineke, T.M. Block Polymer Micelles Enable CRISPR/Cas9 Ribonucleoprotein Delivery: Physicochemical
Properties Affect Packaging Mechanisms and Gene Editing Efficiency. Macromolecules 2019, 52, 8197-8206,
doi:10.1021/acs.macromol.9b01645.

Klyachko, N.L.; Manickam, D.S.; Brynskikh, A.M.; Uglanova, S.V.; Li, S.; Higginbotham, S.M.; Bronich,
T.K.; Batrakova, E.V.; Kabanov, A.V. Cross-Linked Antioxidant Nanozymes for Improved Delivery to CNS.
Nanomed. Nanotechnol. Biol. Med. 2012, 8, 119-129, d0i:10.1016/].NANO.2011.05.010.

Klyachko, N.L.; Haney, M.].; Zhao, Y.; Manickam, D.S.; Mahajan, V.; Suresh, P.; Hingtgen, S.D.; Mosley,
R.L.; Gendelman, H.E.; Kabanov, A.V; et al. Macrophages Offer a Paradigm Switch for CNS Delivery of
Therapeutic Proteins. Nanomedicine 2014, 9, 1403-1422, doi:10.2217/nnm.13.115.

Heffernan, M.J.; Murthy, N. Disulfide-Crosslinked Polyion Micelles for Delivery of Protein Therapeutics.
Ann. Biomed. Eng. 2009, 37, 1993-2002, doi:10.1007/s10439-009-9734-x.

Ren, J.; Zhang, Y.; Zhang, J.; Gao, H.; Liu, G.; Ma, R.; An, Y.; Kong, D.; Shi, L. pH/Sugar Dual Responsive
Core-Cross-Linked PIC Micelles for Enhanced Intracellular Protein Delivery. Biomacromolecules 2013, 14,
3434-3443, d0i:10.1021/bm4007387.



Polymers 2020, 12, 1953 30 of 35

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Tao, A.; Huang, G.L.; Igarashi, K.; Hong, T.; Liao, S.; Stellacci, F.; Matsumoto, Y.; Yamasoba, T.; Kataoka,
K.; Cabral, H. Polymeric Micelles Loading Proteins through Concurrent Ion Complexation and pH-
Cleavable Covalent Bonding for In Vivo Delivery. Macromol. Biosci. 2020, 20, 1900161,
doi:10.1002/mabi.201900161.

Wang, Y.; Cheng, Y.T.; Cao, C,; Oliver, ].D.; Stenzel, M.H.; Chapman, R. Polyion Complex-Templated
Synthesis of Cross-Linked Single-Enzyme Nanoparticles. Macromolecules 2020, 53, 5487-5496,
doi:10.1021/acs.macromol.0c00528.

Farrugia, T.; Perriman, A.W.; Sharma, K.P.; Mann, S. Multi-Enzyme Cascade Reactions Using Protein-
Polymer Surfactant Self-Standing Films. Chem. Commun. 2017, 53, 20942097, d0i:10.1039/c6cc09809f.
Sureka, H.V.; Obermeyer, A.C.; Flores, R.J.; Olsen, B.D. Catalytic Biosensors from Complex Coacervate
Core Micelle (C3M) Thin Films. ACS Appl. Mater. Interfaces 2019, 11, 32354-32365,
doi:10.1021/acsami.9b08478.

Nolles, A.; Van Dongen, N.J.E.; Westphal, A.H.; Visser, AJ.W.G.; Kleijn, ].M.; Van Berkel, W.].H.; Borst,
J.W. Encapsulation into Complex Coacervate Core Micelles Promotes EGFP Dimerization. Phys. Chem.
Chem. Phys. 2017, 19, 11380-11389, doi:10.1039/c7cp00755h.

Kawamura, A.; Yoshioka, Y.; Harada, A.; Kono, K. Acceleration of Enzymatic Reaction of Trypsin Through
the Formation of Water-Soluble Complexes with Poly(Ethylene Glycol)-Block-Poly(a,[-Aspartic Acid).
Biomacromolecules 2005, 6, 627-631, d0i:10.1021/bm049198w.

Harada, A.; Yoshioka, Y.; Kawamura, A.; Kojima, C.; Kono, K. Effect of Polycarboxylate Blocks on the
Amidase Activity of Trypsin through Complexation with PEG/Polycarboxylate Block Ionomers. Macromol.
Biosci. 2007, 7, 339-343, doi:10.1002/mabi.200600199.

Harada, A.; Kataoka, K. On-off Control of Enzymatic Activity Synchronizing With Reversible Formation
of Supramolecular Assembly from Enzyme and Charged Block Copolymers. |. Am. Chem. Soc. 1999, 121,
9241-9242, d0i:10.1021/ja9919175.

Perriman, A.W.; Brogan, A.P.S.; Célfen, H.; Tsoureas, N.; Owen, G.R.; Mann, S. Reversible Dioxygen
Binding in Solvent-Free Liquid Myoglobin. Nat. Chem. 2010, 2, 622-626, d0i:10.1038/nchem.700.

Sharma, K.P.; Zhang, Y.; Thomas, M.R; Brogan, A.P.S.; Perriman, A.W.; Mann, S. Self-Organization of
Glucose Oxidase-Polymer Surfactant Nanoconstructs in Solvent-Free Soft Solids and Liquids. . Phys. Chem.
B 2014, 118, 11573-11580, doi:10.1021/jp507566u.

Perriman, A.W.; Colfen, H.; Hughes, RW; Barrie, C.L.; Mann, S. Solvent-Free Protein Liquids and Liquid
Crystals. Angew. Chem. Int. Ed. 2009, 48, 6242-6246, doi:10.1002/anie.200903100.

Perriman, A.W.; Mann, S. Liquid Proteins-A new Frontier for Biomolecule-Based Nanoscience. ACS Nano
2011, 5, 6085-6091, doi:10.1021/nn202290g.

Atkins, D.L.; Berrocal, J.A.; Mason, A.F.; Voets, LK. Tandem Catalysis in Multicomponent Solvent-Free
Biofluids. 2019, 11, doi:10.1039/c9nr06045f.

Lopez-Blanco, R.; Fernandez-Villamarin, M.; Jatunov, S.; Novoa-Carballal, R.; Fernandez-Megia, E.
Polysaccharides Meet Dendrimers to Fine-Tune the Stability and Release Properties of Polyion Complex
Micelles. Polym. Chem. 2019, 10, 4709-4717, d0i:10.1039/c9py00727;.

Du, Y,; Yan, W,; Lian, H.; Xiang, C.; Duan, L.; Xiao, C. 2,2-Dithiodisuccinic Acid-Stabilized Polyion
Complex Micelles for pH and Reduction Dual-Responsive Drug Delivery. . Colloid Interface Sci. 2018, 522,
74-81, doi:10.1016/j.jcis.2018.03.049.

Fernandez-Villamarin, M.; Sousa-Herves, A.; Porto, S.; Guldris, N.; Martinez-Costas, ].; Riguera, R.;
Fernandez-Megia, E. A dendrimer-Hydrophobic Interaction Synergy Improves the Stability of Polyion
Complex Micelles. Polym. Chem. 2017, 8, 2528-2537, doi:10.1039/c7py00304h.

Ramasamy, T.; Poudel, B.K.; Ruttala, H.; Choi, ].Y.; Hieu, T.D.; Umadevi, K; Youn, Y.S.; Choi, H.G.; Yong,
C.S,; Kim, J.O. Cationic Drug-Based Self-Assembled Polyelectrolyte Complex Micelles: Physicochemical,
Pharmacokinetic, and Anticancer Activity Analysis. Colloids Surfaces B Biointerfaces 2016, 146, 152-160,
doi:10.1016/j.colsurfb.2016.06.004.

Li, Q. Ye, L.; Zhang, A.; Feng, Z. The Preparation and Morphology Control of Heparin-Based pH Sensitive
Polyion Complexes and their Application as Drug Carriers. Carbohydr. Polym. 2019, 211, 370-379,
doi:10.1016/j.carbpol.2019.01.089.

Zhao, Y.; Lord, M.S,; Stenzel, M.H. A Polyion Complex Micelle with Heparin for Growth Factor Delivery
and Uptake into Cells. . Mater. Chem. B 2013, 1, 1635-1643, doi:10.1039/c3tb00360d.



Polymers 2020, 12, 1953 31 of 35

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Karanikolopoulos, N.; Pitsikalis, M.; Hadjichristidis, N.; Georgikopoulou, K.; Calogeropoulou, T.; Dunlap,
J.R. PH-Responsive Aggregates From Double Hydrophilic Block Copolymers Carrying Zwitterionic
Groups. Encapsulation of Antiparasitic Compounds for the Treatment of Leishmaniasis. Langmuir 2007, 23,
42144224, doi:10.1021/1a0628827.

Li, Y.; Ikeda, S.; Nakashima, K.; Nakamura, H. Nanoaggregate Formation of Poly(Ethylene Oxide)-b-
Polymethacrylate Copolymer Induced by Cationic Anesthetics Binding. Colloid Polym. Sci. 2003, 281, 562—
568, d0i:10.1007/s00396-002-0806-9.

Ramasamy, T.; Kim, J.H.; Choi, J.Y,; Tran, T.H.; Choi, H.G,; Yong, C.S. Kim, J].O. pH Sensitive
Polyelectrolyte Complex Micelles for Highly Effective Combination Chemotherapy. ]. Mater. Chem. B 2014,
2, 6324-6333, d0i:10.1039/c4tb00867g.

Zhou, W.; Wang, J.; Ding, P.; Guo, X.; Cohen Stuart, M.A.; Wang, ]. Functional Polyion Complex Vesicles
Enabled by Supramolecular Reversible Coordination Polyelectrolytes. Angew. Chem. Int. Ed. 2019, 58, 8494—
8498, d0i:10.1002/anie.201903513.

Pothayee, N.; Pothayee, N.; Jain, N.; Hu, N.; Balasubramaniam, S. Johnson, L.M.; Davis, RM.;
Sriranganathan, N.; Riffle, ].5. Magnetic Block Ionomer Complexes for Potential Dual Imaging and
Therapeutic Agents. Chem. Mater. 2012, 24, 20562063, d0i:10.1021/cm3004062.

Pothayee, N.; Pothayee, N.; Hu, N.; Zhang, R.; Kelly, D.F.; Koretsky, A.P.; Riffle, ].S. Manganese Graft
Ionomer Complexes (MaGICs) for Dual Imaging and Chemotherapy. J. Mater. Chem. B 2014, 2, 1087-1099,
doi:10.1039/c3tb2129%.

Jian, W.H.; Yu, T.W; Chen, C.J.; Huang, W.C.; Chiu, H.C.; Chiang, W.H. Indocyanine Green-Encapsulated
Hybrid Polymeric Nanomicelles for Photothermal Cancer Therapy. Langmuir 2015, 31, 6202-6210,
doi:10.1021/acs.langmuir.5b00963.

Li, Y.; Jang, W.D.; Nishiyama, N.; Kishimura, A.; Kawauchi, S.; Morimoto, Y.; Miake, S.; Yamashita, T.;
Kikuchi, M.; Aida, T.; et al. Dendrimer Generation Effects on Photodynamic Efficacy of Dendrimer
Porphyrins and Dendrimer-Loaded Supramolecular Nanocarriers. Chem. Mater. 2007, 19, 5557-5562,
doi:10.1021/cm071451m.

Park, W.; Park, S.J.; Na, K. The Controlled Photoactivity of Nanoparticles Derived from Ionic Interactions
Between a Water Soluble Polymeric Photosensitizer and Polysaccharide Quencher. Biomaterials 2011, 32,
8261-8270, doi:10.1016/j.biomaterials.2011.07.023.

Nishiyama, N.; Nakagishi, Y.; Morimoto, Y.; Lai, P.S.; Miyazaki, K.; Urano, K.; Horie, S.; Kumagai, M.;
Fukushima, S.; Cheng, Y.; et al. Enhanced Photodynamic Cancer Treatment by Supramolecular
Nanocarriers Charged with Dendrimer Phthalocyanine. ]. Control. Release 2009, 133, 245-251,
doi:10.1016/j.jconrel.2008.10.010.

Nukolova, N.V.; Yang, Z.; Kim, ].O.; Kabanov, A.V.; Bronich, T.K. Polyelectrolyte Nanogels Decorated with
Monoclonal Antibody for Targeted Drug Delivery. React. Funct. Polym. 2011, 71, 315-323,
doi:10.1016/j.reactfunctpolym.2010.10.011.

Danbhier, F. To Exploit the Tumor Microenvironment: Since the EPR Effect Fails in the Clinic, What is the
Future of Nanomedicine? ]. Control. Release 2016, 244, 108-121.

Bertrand, N.; Wu, J.; Xu, X,; Kamaly, N.; Farokhzad, O.C. Cancer Nanotechnology: The impact of Passive
and Active Targeting in the Era of Modern Cancer Biology. Adv. Drug Deliv. Rev. 2014, 66, 2-25,
doi:10.1016/j.addr.2013.11.009.

Nichols, J.W.; Bae, Y.H. EPR: Evidence and Fallacy. ]. Control. Release 2014, 190, 451-464,
doi:10.1016/j.jconrel.2014.03.057.

Ahn, J; Miura, Y.; Yamada, N.; Chida, T.; Liu, X; Kim, A ; Sato, R.; Tsumura, R.; Koga, Y.; Yasunaga, M.;
et al. Antibody Fragment-Conjugated Polymeric Micelles Incorporating Platinum Drugs for Targeted
Therapy of Pancreatic Cancer. Biomaterials 2015, 39, 23-30, d0i:10.1016/j.biomaterials.2014.10.069.

Bae, Y.; Jang, W.D.; Nishiyama, N.; Fukushima, S.; Kataoka, K. Multifunctional Polymeric Micelles with
Folate-Mediated Cancer Cell Targeting and pH-Triggered Drug Releasing Properties for Active
Intracellular Drug Delivery. Mol. Biosyst. 2005, 1, 242-250, doi:10.1039/b500266d.

Zhang, X.X.; Eden, H.S.; Chen, X. Peptides in Cancer Nanomedicine: Drug Carriers, Targeting Ligands and
Protease Substrates. |. Control. Release 2012, 159, 2-13, d0i:10.1016/j.jconrel.2011.10.023.

Voeikov, R.; Abakumova, T.; Grinenko, N.; Melnikov, P.; Bespalov, V.; Stukov, A.; Chekhonin, V.;
Klyachko, N.; Nukolova, N. Dioxadet-loaded Nanogels as a Potential Formulation for Glioblastoma
Treatment. J. Pharm. Investig. 2017, 47, 75-83, d0i:10.1007/s40005-016-0294-4.



Polymers 2020, 12, 1953 32 of 35

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Cingil, H.E.; Meertens, N.C.H.; Voets, LK. Temporally Programmed Disassembly and Reassembly of C3Ms.
Small 2018, 14, 1802089, doi:10.1002/sm11.201802089.

Sproncken, C.C.M.; Gumi-Audenis, B.; Panzarasa, G.; Voets, . K. Two-Stage Polyelectrolyte Assembly
Orchestrated by a Clock Reaction. ChemSystemsChem 2020, syst.202000005, doi:10.1002/syst.202000005.
Nishiyama, N.; Morimoto, Y.; Jang, W.D.; Kataoka, K. Design and Development of Dendrimer
Photosensitizer-Incorporated Polymeric Micelles for Enhanced Photodynamic Therapy. Adv. Drug Deliv.
Rev. 2009, 61, 327-338, doi:10.1016/j.addr.2009.01.004.

Stapert, H.R.; Nishiyama, N.; Jiang, D.L.; Aida, T.; Kataoka, K. Polyion Complex Micelles Encapsulating
Light-Harvesting Ionic Dendrimer Zinc Porphyrins. Langmuir 2000, 16, 8182-8188, doi:10.1021/1a000423e.
Tangso, K.J.; Lindberg, S.; Hartley, P.G.; Knott, R.; Spicer, P.; Boyd, B.]. Formation of Liquid-Crystalline
Structures in the Bile Salt-Chitosan System and Triggered Release from Lamellar Phase Bile Salt-Chitosan
Capsules. ACS Appl. Mater. Interfaces 2014, 6, 12363-12371, doi:10.1021/am502192t.

Seyrig, C.; Le Griel, P.; Cowieson, N.; Perez, J.; Baccile, N. Synthesis of Multilamellar Walls Vesicles
Polyelectrolyte Surfactant Complexes From pH-Stimulated Phase Transition Using Microbial
Biosurfactants. |. Colloid Interface Sci. 2020, d0i:10.1016/j.jcis.2020.07.021.

Bronich, T.K.; Nehls, A.; Eisenberg, A.; Kabanov, V.A.; Kabanov, A. V. Novel Drug Delivery Systems Based
on The Complexes of Block Ionomers and Surfactants of Opposite Charge. Colloids Surfaces B Biointerfaces
1999, 16, 243-251, doi:10.1016/S0927-7765(99)00075-2.

Oh, K.T.; Bronich, T.K.,; Bromberg, L.; Hatton, T.A.; Kabanov, A.V. Block ionomer Complexes as
Prospective  Nanocontainers for Drug Delivery. ] Control. Release 2006, 115, 9-17,
doi:10.1016/j.jconrel.2006.06.030.

Tam, K.C; Wyn-Jones, E. Insights on Polymer Surfactant Complex Structures During the Binding of
Surfactants to Polymers as Measured by Equilibrium and Structural Techniques. Chem. Soc. Rev. 2006, 35,
693-709, doi:10.1039/b415140m.

Guzman, E.; Llamas, S.; Maestro, A.; Fernandez-Pefia, L.; Akanno, A.; Miller, R.; Ortega, F.; Rubio, R.G.
Polymer-Surfactant Systems in Bulk and at Fluid Interfaces. Adv. Colloid Interface Sci. 2016, 233, 38-64,
doi:10.1016/j.cis.2015.11.001.

Gustavsson, C.; Obiols-Rabasa, M.; Piculell, L. Water-Insoluble Surface Coatings of Polyion-Surfactant Ion
Complex Salts Respond to Additives in a Surrounding Aqueous Solution. Langmuir 2015, 31, 64876496,
doi:10.1021/acs.langmuir.5b00831.

Vitorazi, L.; Berret, J.F.; Loh, W. Self-Assembly of Complex Salts of Cationic Surfactants and Anionic-
Neutral Block Copolymers. Dispersions with Liquid-Crystalline Internal Structure. Langmuir 2013, 29,
14024-14033, d0i:10.1021/1a402624u.

Guzman, E.; Fernandez-Pena, L.; Ortega, F.; Rubio, R.G. Equilibrium and Kinetically Trapped Aggregates
in Polyelectrolyte-Oppositely Charged Surfactant Mixtures. Curr. Opin. Colloid Interface Sci. 2020, 48, 91—
108.

Simon, M.; Schneck, E.; Noirez, L.; Rahn, S.; Davidovich, I.; Talmon, Y.; Gradzielski, M. Effect of Polymer
Architecture on the Phase Behavior and Structure of Polyelectrolyte/Microemulsion Complexes (PEMECs).
Macromolecules 2020, 53, 4055-4067, doi:10.1021/acs.macromol.0c00236.

Simon, M., Krause, P, Chiappisi, L. Noirez, L., Gradzielski, M. Structural Control of
Polyelectrolyte/Microemulsion Droplet Complexes (PEMECs) with Different Polyacrylates. Cherm. Sci. 2019,
10, 385-397, d0i:10.1039/c8sc04013c.

Bourouina, N.; Cohen Stuart, M.A.; Mieke Kleijn, J. Complex Coacervate Core Micelles as Diffusional
Nanoprobes. Soft Matter 2014, 10, 320-331, d0i:10.1039/c3sm52245h.

Bourouina, N.; De Kort, D.W.; Hoeben, F.].M.; Janssen, H.M.; Van As, H.; Hohlbein, J.; Van Duynhoven,
J.P.M.; Kleijn, ].M. Complex Coacervate Core Micelles with Spectroscopic Labels for Diffusometric Probing
of Biopolymer Networks. Langmuir 2015, 31, 12635-12643, d0i:10.1021/acs.]langmuir.5b03496.

Wang, J.; Wang, J.; Ding, P.; Zhou, W.; Li, Y.; Drechsler, M.; Guo, X.; Cohen Stuart, M.A. A Supramolecular
Crosslinker To Give Salt-Resistant Polyion Complex Micelles and Improved MRI Contrast Agents. Angew.
Chem. Int. Ed. 2018, 57, 12680-12684, d0i:10.1002/anie.201805707.

Wang, J.; Velders, A.H.; Gianolio, E.; Aime, S.; Vergeldt, F.J.; Van As, H.; Yan, Y.; Drechsler, M.; De Keizer,
A.; Cohen Stuart, M.A; et al. Controlled Mixing of Lanthanide(iii) Ions in Coacervate Core Micelles. Chem.
Commun. 2013, 49, 3736-3738, d0i:10.1039/c3cc39148e.



Polymers 2020, 12, 1953 33 of 35

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Wei, C,; Ding, P.; Nie, X.; Cohen Stuart, M.A.; Wang, J. Europium Based Coordination Polyelectrolytes
Enable Core-Shell-Corona Micelles as Luminescent Probes. Soft Matter 2020, 16, 5727-5733,
do0i:10.1039/d0sm00598c.

Zhang, J.; Liu, Y,; Li, Y.; Zhao, H.; Wan, X. Hybrid Assemblies of Eu-Containing Polyoxometalates and
Hydrophilic Block Copolymers with Enhanced Emission in Aqueous Solution. Angew. Chem. Int. Ed. 2012,
51, 4598-4602, doi:10.1002/anie.201107481.

Seo, E.; Lee, S.H.; Lee, S.; Choi, S.H.; Hawker, C.J.; Kim, B.S. Highly Stable Au Nanoparticles with Double
Hydrophilic Block Copolymer Templates: Correlation Between Structure and Stability. Polym. Chem. 2017,
8, 4528-4537, doi:10.1039/c7py00773f.

Lemmers, M.; Sprakel, J.; Voets, I.K.; Van Der Gucht, J.; Cohen Stuart, M.A. Multiresponsive Reversible
Gels Based on Charge Driven Assembly. Angew. Chem. Int. Ed. 2010, 49, 708-711,
doi:10.1002/anie.200905515.

Sproncken, C.C.M.; Suris-Valls, R.; Cingil, H.E.; Detrembleur, C.; Voets, LK. Complex Coacervate Core
Micelles Containing Poly(vinyl alcohol) Inhibit Ice Recrystallization. Macromol. Rapid Commun. 2018, 39,
1700814, d0i:10.1002/marc.201700814.

Ten Hove, ].B.; Wang, J.; Van Oosterom, M.N.; Van Leeuwen, F.W.B.; Velders, A.H. Size-Sorting and
Pattern Formation of Nanoparticle-Loaded Micellar Superstructures in Biconcave Thin Films. ACS Nano
2017, 11, 11225-11231, doi:10.1021/acsnano.7b05541.

Aloi, A.; Guibert, C.; Olijve, L.L.C.; Voets, I.K. Morphological Evolution of Complex Coacervate Core
Micelles Revealed by iPAINT Microscopy. Polymer 2016, 107, 450-455, doi:10.1016/j.polymer.2016.08.002.
Cingil, H.E.; Boz, E.B.; Wang, ].; Cohen Stuart, M.A_; Sprakel, ]. Probing Nanoscale Coassembly with Dual
Mechanochromic Sensors. Adv. Funct. Mater. 2016, 26, 1420-1427, d0i:10.1002/adfm.201504632.

Bastakoti, B.P.; Guragain, S.; Yusa, S.I.; Nakashima, K. Novel Synthesis Route for Ag@SiO2 Core-Shell
Nanoparticles via Micelle Template of Double Hydrophilic Block Copolymer. RSC Adv. 2012, 2, 5938-5940,
doi:10.1039/c2ra20316b.

Seo, E.; Ko, S.J.; Min, S.H.; Kim, J.Y.; Kim, B.S. Plasmonic Transition via Interparticle Coupling of Au@Ag
Core-Shell Nanostructures Sheathed in Double Hydrophilic Block Copolymer for High-Performance
Polymer Solar Cell. Chem. Mater. 2015, 27, 47894798, d0i:10.1021/acs.chemmater.5b01591.

Bastakoti, B.P.; Li, Y.; Guragain, S.; Alshehri, S.M.; Shiddiky, M.J.A.; Liu, Z.; Shim, K.; Kim, ].H.; Hossain,
M.S.A; Malgras, V.; et al. Formation of Mesopores Inside Platinum Nanospheres by Using Double
Hydrophilic Block Copolymers. Mater. Lett. 2016, 182, 190-193, doi:10.1016/j.matlet.2016.06.076.

Seo, E.; Kim, ].; Hong, Y.; Kim, Y.S.; Lee, D.; Kim, B.S. Double hydrophilic Block Copolymer Templated Au
Nanoparticles with Enhanced Catalytic Activity Toward Nitroarene Reduction. J. Phys. Chem. C 2013, 117,
11686-11693, doi:10.1021/jp4027139.

Kim, A.; Sharma, B.; Kim, B.S.; Park, K.H. Double-Hydrophilic Block Copolymer Nanoreactor for the
Synthesis of Copper Nanoparticles and for Application in Click Chemistry. J. Nanosci. Nanotechnol. 2011,
11, 6162-6166, doi:10.1166/jnn.2011.4355.

Layrac, G.; Destarac, M.; Gérardin, C.; Tichit, D. Highly Stable Layered Double Hydroxide Colloids: A
Direct Aqueous Synthesis Route From hHbrid Polyion Complex Micelles. Langmuir 2014, 30, 9663-9671,
doi:10.1021/1a502159x.

Layrac, G.; Harrisson, S.; Destarac, M.; Gérardin, C.; Tichit, D. Comprehensive Study of the Formation of
Stable Colloids of Cu/Al Layered Double Hydroxide Assisted by Double Hydrophilic Block Copolymers.
Appl. Clay Sci. 2020, 193, 105673, d0i:10.1016/j.clay.2020.105673.

Bastakoti, B.P.; Sukegawa, H.; C-W Wu, K.; Yamauchi, Y. Synthesis of Porous Iron Oxide Microspheres by
a Double Hydrophilic Block Copolymer. RSC Adv. 2014, 4, 9986, d0i:10.1039/c3ra47490a.

Yu, S.H.; Célfen, H.; Fischer, A. High Quality CeO2 Nanocrystals Stabilized by a Double Hydrophilic Block
Copolymer. Colloids Surfaces A Physicochem. Eng. Asp. 2004, 243, 49-52, doi:10.1016/j.colsurfa.2004.05.006.
Seo, E.; Lee, T.; Lee, K.T.; Song, H.K.; Kim, B.S. Versatile Double Hydrophilic Block Copolymer: Dual Role
as Synthetic Nanoreactor and Ionic and Electronic Conduction Layer for Ruthenium Oxide Nanoparticle
Supercapacitors. . Mater. Chem. 2012, 22, 11598-11604, d0i:10.1039/c2jm30738c.

Tarasov, K.; Houssein, D.; Destarac, M.; Marcotte, N.; Gérardin, C.; Tichit, D. Stable Aqueous Colloids of
ZnS Quantum Dots Prepared Using Double Hydrophilic Block Copolymers. New . Chem. 2013, 37, 508—
514, d0i:10.1039/c2nj40738h.



Polymers 2020, 12, 1953 34 of 35

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Qi, L.; Colfen, H.; Antonietti, M. Synthesis and Characterization of CdS Nanoparticles Stabilized by
Double-Hydrophilic Block Copolymers. Nano Lett. 2001, 1, 61-65, doi:10.1021/n10055052.

Uchman, M.; Prochézka, K.; Gatsouli, K.; Pispas, S.; épl’rkové, M. CdS-Containing Nano-Assemblies of
Double Hydrophilic Block Copolymers in Water. Colloid Polym. Sci. 2011, 289, 1045-1053,
doi:10.1007/s00396-011-2433-9.

Hu, J.J.; Hsieh, Y.H,; Jan, ].S. Polyelectrolyte Complex-Silica Hybrid Colloidal Particles Decorated with
Different Polyelectrolytes. J. Colloid Interface Sci. 2015, 438, 94-101, doi:10.1016/j.jcis.2014.09.063.

Guo, X.H.; Yu, S.H. Controlled Mineralization of Barium Carbonate Mesocrystals in a Mixed Solvent and
at the Air/Solution Interface Using a Double Hydrophilic Block Copolymer as a Crystal Modifier. Cryst.
Growth Des. 2007, 7, 354-359, d0i:10.1021/cg060575t.

Colfen, H.; Qi, L. A Systematic Examination of the Morphogenesis of Calcium Carbonate in the Presence
of a Double-Hydrophilic Block Copolymer. Chem.—Eur. ]. 2001, 7, 106-116, doi:10.1002/1521-
3765(20010105)7:1<106::AID-CHEM106>3.0.CO;2-D.

An, Z.; Shi, Q.; Tang, W.; Tsung, C.K.; Hawker, C.J.; Stucky, G.D. Facile RAFT Precipitation Polymerization
for the Microwave-Assisted Synthesis of Well-Defined, Double Hydrophilic Block Copolymers and
Nanostructured Hydrogels. J. Am. Chem. Soc. 2007, 129, 14493-14499, d0i:10.1021/ja0756974.

Maggi, F.; Ciccarelli, S.; Diociaiuti, M.; Casciardi, S.; Masci, G. Chitosan Nanogels by Template Chemical
Cross-Linking in Polyion Complex Micelle Nanoreactors. Biomacromolecules 2011, 12, 3499-3507,
doi:10.1021/bm201015h.

De Santis, S.; Diociaiuti, M.; Cametti, C.; Masci, G. Hyaluronic Acid and Alginate Covalent Nanogels by
Template Cross-Linking in Polyion Complex Micelle Nanoreactors. Carbohydr. Polym. 2014, 101, 96-103,
doi:10.1016/j.carbpol.2013.09.033.

Zhang, D.; Qi, L.; Ma, J.; Cheng, H. Formation of Silver Nanowires in Aqueous Solutions of a Double-
Hydrophilic Block Copolymer. Chem. Mater. 2001, 13, 2753-2755, d0i:10.1021/cm0105007.

Voets, 1K.; de Keizer, A.; Frederik, P.M.; Jellema, R.; Cohen Stuart, M.A. Environment-Sensitive
Stabilisation of Silver Nanoparticles in Aqueous Solutions. |. Colloid Interface Sci. 2009, 339, 317-324,
doi:10.1016/j.jcis.2009.07.065.

Voets, L.K.; de Keizer, A.; Leermakers, F.A.M.; Debuigne, A.; Jérome, R.; Detrembleur, C.; Cohen Stuart,
M.A. Electrostatic Hierarchical Co-Assembly in Aqueous Solutions of Two Oppositely Charged Double
Hydrophilic Diblock Copolymers. Eur. Polym. J. 2009, 45, 2913-2925, d0i:10.1016/j.eurpolym;.2009.06.020.
Voets, LK.; De Keizer, A.; De Waard, P.; Frederik, P.M.; Bomans, P.H.H.; Schmalz, H.; Walther, A_; King,
S.M.; Leermakers, F.A.M.; Cohen Stuart, M.A. Double-Faced Micelles From Water-Soluble Polymers.
Angew. Chem. Int. Ed. 2006, 45, 6673-6676, doi:10.1002/anie.200601000.

Bayati, S.; Bergquist, K.-E.; Zhu, K.; Nystrém, B.; Skov Pedersen, J.; Galantini, L.; Schillén, K. Mixed Micelles
of Oppositely Charged Poly( N-Isopropylacrylamide) Diblock Copolymers. ]. Polym. Sci. Part B Polym. Phys.
2017, 55, 1457-1470, d0i:10.1002/polb.24403.

Biggs, C.I; Bailey, T.L; Ben Graham; Stubbs, C.; Fayter, A. Gibson, M.I. Polymer Mimics of
Biomacromolecular Antifreezes. Nat. Commun. 2017, 8, 1-12, d0i:10.1038/s41467-017-01421-7.

Hofs, B.; Brzozowska, A.; de Keizer, A.; Norde, W.; Cohen Stuart, M.A. Reduction of Protein Adsorption
to a Solid Surface by a Coating Composed of Polymeric Micelles With a Glass-Like Core. ]. Colloid Interface
Sci. 2008, 325, 309-315, d0i:10.1016/j.jcis.2008.06.006.

Voets, LK.; De Vos, W.M.; Hofs, B.; De Keizer, A.; Cohen Stuart, M.A.; Steitz, R.; Lott, D. Internal Structure
of a Thin Film of Mixed Polymeric Micelles on a Solid/Liquid Interface. J. Phys. Chem. B 2008, 112, 6937-
6945, doi:10.1021/jp709758p.

Brzozowska, A.M.; De Keizer, A.; Norde, W.; Detrembleur, C.; Cohen Stuart, M.A. Grafted Block Complex
Coacervate Core Micelles and Their Effect on Protein Adsorption on Silica and Polystyrene. Colloid Polym.
Sci. 2010, 288, 1081-1095, doi:10.1007/s00396-010-2228-4.



Polymers 2020, 12, 1953 35 of 35

208. Brzozowska, A.M.; Spruijt, E.; de Keizer, A.; Cohen Stuart, M.A.; Norde, W. On the Stability of the Polymer
Brushes Formed by Adsorption of Ionomer Complexes on Hydrophilic and Hydrophobic Surfaces. J.
Colloid Interface Sci. 2011, 353, 380-391, doi:10.1016/j.jcis.2010.09.074.

209. Falentin-Daudré, C.; Faure, E.; Svaldo-Lanero, T.; Farina, F.; Jérome, C.; Van De Weerdt, C.; Martial, J.;
Duwez, A.S.; Detrembleur, C. Antibacterial Polyelectrolyte Micelles for Coating Stainless Steel. Langmuir
2012, 28, 7233-7241, d0i:10.1021/1a3003965.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




