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Amphiphilic block copolymers (with a variety of hydrophobic blocks and hydrophilic blocks; often polyethylene

oxide) self-assemble in water to micelles/niosomes similar to conventional nonionic surfactants with high drug

loading capacity.

block copolymers  self-assembly  polymer micelle

1. Introduction

Amphiphilic block copolymers are constituted of two or more different polymer size blocks, often incompatible,

chemically linked in a linear or branched fashion. The blocks can be a neutral polymer (hydrophilic or hydrophobic)

or polyelectrolyte (anionic, cationic or zwitterionic) . A variety of structures can be obtained from such different

constituting blocks that are schematically shown in Figure 1.

Figure 1. Schematic designer representations of some block copolymer structures.

2. Schizophrenic Micelles

[1][2][3]
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Double hydrophilic block copolymers (DHBCs) constitute a new class of aqueous multiphase systems and have

speedily increased significance with unique behaviour. These can be used for a series of applications in

stabilization of colloidal dispersions, crystal growth modification, and polyelectrolyte complexes as drug carrier

systems . Figure 2 shows some commonly used DHBCs which may constitute a responsive block in DHBC.

Figure 2. Commonly used polymers in DHBCs.

Most extensively examined stimuli-responsive polymers are thermoresponsive polymers followed by pH-responsive

polymers. DHBCs with both such stimuli-responsive blocks can self-assemble to form two distinct micelles with

reversed core and shell depending on which of the hydrophilic blocks is turned hydrophobic under the influence of

some stimuli such as temperature, solution pH, light, ultrasound, etc. or in the presence of ionic strength or a

certain additive. Additionally, micelles can be generated by rendering a polyelectrolyte block hydrophobic through

the electrostatic interaction by adding oppositely charged polymers. Studies on DHBC polyionic-thermoresponsive

blocks are reported to form micelles with core and shell interchanged under the influence of some stimuli 

. For example, PAA-PNIPAM diblock copolymer has shown the micelles with PAA core in very acidic

pH at ambient temperature, but under neutral or alkaline pH, micelles with PNIPAM core were formed at a

temperature above the LCST of PNIPAM. Additionally, interesting structures can be developed in diblock

polyanionic-polycationic copolymers in water and in the presence of salt. A DHBC with a neutral-polyelectrolyte

block is molecularly dissolved in water. However, when a solution of an oppositely charged polyelectrolyte is

[4][5][6]
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added, self-assembled micelles with complexed ionic core results due to the electrostatic interaction between the

oppositely charged blocks. A DHBC with both polyelectrolyte blocks but with opposite charge may not dissolve in

water, but undergoes self-assembly in the presence of a small amount of salt. Thus, careful choice of the two

hydrophilic blocks and mol. wt./block composition allows the formation of micelles with high efficiency .

pH-responsive polymers can release or accept protons by tuning a pH of aqueous solution. These polymers in their

assembly involve acid functionality viz. carboxylic or sulfonic acid groups or basic functional groups viz. amines.

These so-called “smart and intelligent polymers” are being exploited for a variety of technological and medical

applications. The reports on dual responsive as well as multi-responsive polymers undergoing self-assembly do

exist . Extensive studies on water-soluble diblock copolymers that reveal so-called “schizophrenic”

character have been reported by Prof. Armes and co-workers and few others . Schizophrenic micelles (with

reversed core and shell) can be formed from a DHBC when each block can turn hydrophobic under some response

such as temperature, pH, electronic charge, or solution condition such as concentration, presence of different

additives, molecular structure of the constituting irreconcilable blocks, the block composition (molecular weight),

the hydrophilic and hydrophobic block ratio, etc. as illustrated in Figure 3.

Figure 3. Illustration of Schizophrenic micelles formation.

3. Polyion Complex Micelles (PICMs)

Polyelectrolytes (polyacids or polybases) are water-soluble charged polymers that have peculiar aqueous solution

behaviour where they dissociate to form a macroion and counterion. The counter ion is condensed onto the

macroion or remains as hydrated in bulk solution. The solution behaviour of polyelectrolytes is greatly altered in the

presence of salts and also by pH and temperature. Oppositely charged polymers in aqueous solution can form

nanoscale water soluble/insoluble complexes or coacervates in solution due to columbic attraction. The formation

of soluble/insoluble polyion complexes (PICs) depends on several factors such as the chemical structure, charge,

flexibility of the macroions, their mixing ratio concentration, as well as on solution conditions such as pH,

temperature, and ionic strength . Polyion complex micelles (PICMs) have an insoluble core of

complexed polyelectrolytes and hydrated shell of hydrophilic block when aqueous solution of a neutral-

polyelectrolyte block copolymer interacts with an oppositely charged polymer or surfactant (Figure 4).

[16][17][18][19]

[20][21][22][23]

[24][25]

[26][27][28][29]
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Figure 4. PICMs self-assembly from oppositely charged polyelectrolytes.

Fuoss et al. in 1949 first reported the formation of polyelectrolyte complexes (PECs) from the two oppositely

charged polymers. However, it was not until 1965 that Michaels et al. observed stable nanosized spherical

complexes by mixing two oppositely charged polyelectrolytes by changing mixing composition, presence of salt,

and solution conditions such as pH, temperature, presence of salt, etc. Detailed theoretical explanations describing

counterion condensation on inter-polyelectrolyte complexes have been provided. Polyelectrolyte complexes (both

natural and synthetic) have had great applications in textiles, ink and paper industries as binders, etc. Such PICMs

have been of much interest in the last two decades and are good vehicles due to high drug loading in the

biomedical field as drug carriers or vectors for gene delivery. Several reviews have been published on their

formation, characterization, properties and applications .

PICs form predominantly because of electrostatic interaction between the oppositely charged polyelectrolytes

though other interactions, such as hydrogen bonding, and hydrophobic interactions may also contribute to complex

formation. The gain in entropy due to the release of counter ions from the macroions of the complex formed is

dictated by stoichiometric mixing and solution conditions. These can be soluble, stable colloidal dispersions or

insoluble coacervates. The effects of ionic strength and pH are remarkable in the formation of PICs from different

ones and their characteristics (charged groups, mol. wt., chain flexibility, etc.) and mixing proportion. Low ionic

strength allows the complex structure closer to its thermodynamic equilibrium while high ionic strength would shrink

it due to the shielding of polyelectrolyte charges.

PICMs form when a polyelectrolyte complex becomes amphiphilic and thus shows self-assembly in analogy to

surfactant. Usually, when an amphiphilic block or graft copolymer with one polyelectrolyte moiety in aqueous

solution is present, core-shell-charged polymer micelles can form with the core of the hydrophobic block. However,

in case of DHBCs (from hydrophilic neutral block-polyelectrolyte block) there is no self-assembly and the solution

[30][31][32][33]
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contains molecularly dissolved polymer. To such a solution, if an oppositely charged polymer is added, with

progressive charge neutralization of interacting oppositely charged species, it may so happen that a hydrophobic

complex is formed. This may result in the hydrophobic polyelectrolyte complex attached to the hydrophilic chain of

the neutral water-soluble polymer chain and gives rise to amphiphilic character and consequently self-assembly.

The nanoaggregates formed with complexed core and hydrated shell are polyelectrolyte complex micelles. Several

polyelectrolytes, both synthetic and natural, can interact with DHBCs in aqueous mileu form PICM, which can be

characterised using spectral, scattering, thermal and microscopic techniques. Interesting structures can be

developed on interaction of two DHBCs with oppositely charged polyelectrolyte blocks and the same or a different

hydrophilic neutral block. Additionally, these systems can further be designed using stimuli-responsive DHBCs. In

short, the PICM (or sometimes PIC polymersomes) that may form can have different morphologies and features

that depend on the mol characteristics of DHBCs, polyelectrolytes, their composition in mixed systems and of

course on solution conditions . There have been some interesting review articles to which readers can refer

on PICs and PICM . Researchers describe some recent studies carried out in the past few years.

4. Polymerization Induced Self-Assembly (PISA)

Polymerization-induced self-assembly (PISA) is a cost-effective one-pot approach that requires simple procedures

to produce polymeric nanoparticles proficiently of various sizes/shapes (sphere, worm-like micelles and vesicles) at

high solid concentration as high as 50% (Figure 5).

Figure 5. PISA depicting varied shape transition in block copolymers.

PISA often involves numerous types of living polymerization techniques; most studies operate RAFT .

Here, a soluble precursor block is chain-extended using a monomer whose corresponding homopolymer is

[34][35]
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insoluble in the chosen solvent. When the second block reaches a certain level of polymerization, it finally becomes

insoluble and results in situ self-assembly and produces nanoaggregates. There have been several articles/

reviews published in the past decade on the production, properties and applications of PISA in the fabrication of a

variety of polymeric nanoparticles .

5. Crystallization-Driven Self-Assembly (CDSA)

Living crystallization-driven self-assembly (CDSA) has developed as a growth route to form colloidally stable

nanoparticles and more complex hierarchical assemblies with the desired size and low size dispersity from

crystallizable polymers. The origin of the low dispersity has often been described as initiation being faster than

propagation, and termination is absent. When crystal packing forces dominate, a morphological transition is

triggered and may lead to elongated nanostructures such as cylinders, nanoribbons, fibres, etc. that depend on

crystallization temperature and time, solvent quality, and polymer composition. Thus, the crystallization entails an

accurate control of their molecular weight, and their distribution and stereochemistry, and so crystallizable polymers

can be used as the immiscible core-forming block to create nanostructures with additional structural characteristics

.

6. Cross-Linked, Functionalised and Stimuli-Responsive
Micelles

Polymer micelles can be cross-linked using different reagents where both the core and shell can be cross-linked.

Furthermore, these micelles can be functionalized at the terminal end of the hydrophilic tail. These possibilities

provide better opportunity for such micelles to act as nanocarriers. The core cross-linking often increases micelle

stability and such cross-linked micelles retain their structure even at low concentration below critical micelle

concentration (CMC) of micelle, thereby forming polymeric amphiphile. These micelles can be isolated and re-

dissolved as stable nanoparticles and thus prolong the circulating time. The most vulnerable approach is the core

cross-linking. This can be achieved using a polymerizable group in the hydrophobic moiety of the block copolymer

or adding a polymerizable monomer that stays in the micelle core and then is polymerized using a certain initiator.

Sometimes, the decrease in free volume of the micelle core may adversely affect the drug loading capacity.

Likewise, the shell of micelles can be cross-linked and the core of the shell cross-linked micelle can disintegrate

through degradation/good solvent resulting in nanocontainers as reported by several researchers .

Another way to alter micelle morphology/characteristics is to functionalize the chain ends of the soluble shells. The

chemical functionalization includes the covalent linkage between chain end and an agent that could be ligand. The

ligand receptor interaction being highly selective helps in targeting the release of the solubilized drugs to the site of

interest. The presence of different additives and salts that can be fine-tuned micellization and micelle

characteristics can be also employed for improved solubilization and release. Furthermore, stimuli-responsive

block copolymer can form core-shell aggregate which can be used for drug loading. The drug can be released

under the influence of external stimuli such as pH, temperature, magnetic response. There are excellent reviews

[39][40][41][42][43]
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describing cross-linked, functionalised and stimuli- responsive micelles in the context of drug delivery systems 

.

7. Mixed Micelles

Two or more block copolymers may interact synergistically and form mixed polymeric system with improved

features that can be employed as vehicles for drug delivery systems . The mixed micelles can have improved

physical stability, enhanced solubility and drug bioavailability, and provide better functionality by simple mixing of

the constituting amphiphilic copolymers. Polymer mixed micelles from block copolymers as well as polymer-

surfactant mixed systems have been of great interest over the past few decades due to their applications in

industries and biomedical fields. Several research papers on mixed micelles assembled from block copolymers and

their use for drug delivery have appeared in the past and have been critically reviewed. The presence of

incompatible blocks drives the block copolymers to a separate phase, but the covalent bond between them

prevents phase separation at a macroscopic length scale and occurs at a nanometer length scale, thus producing

a rich array of nanostructures in solid state and as well as in selective solvents. These structures exhibit tunable

and enhanced mechanical, electrical and chemical properties and thus are significant from a technological view

point. Thus, complete information on nanostructures coupled with precise synthesis of block copolymers is highly

desired for practical purposes. Additionally, the theoretical studies based on the self-consistent field theory (SCFT)

have been used to examine the micro scale phase separation and self-assembly of block copolymers .

8. Polymer-Drug Conjugates

Polymer-drug conjugates a contain covalent bond between a water-soluble polymer and a drug. This idea was

propounded by Rings Dorf in the mid-1970s. Polymer-drug conjugates behave like a prodrug that resides inactively

before cutting of the conjugated bond and release of the active drug (Figure 6). The resulting drug conjugates

readily self-assemble in solution and can potentially be used in drug delivery .

[54]

[55][56][57]

[58][59]

[60][61][62]

[63][64][65][66][67][68][69]



Types of Micellar Assemblies | Encyclopedia.pub

https://encyclopedia.pub/entry/33377 8/13

Figure 6. Schematic representation of polymer-drug conjugation with drug release.

The conjugate protects the drug, enhances solubility, alters pharmacokinetics, decreases the immunogenicity, and

may help develop delivery systems for both active and passive targeting. Several drugs have been conjugated with

homopolymers viz. PEG, N-(2-hydroxypropyl) methacrylamide, polyamino acids such as polylysine (PL) and poly

L-glutamic acid (PGA), polysaccharides as well as block/graft copolymers as possible drug carriers. Of these,

polysaccharides are highly stable, safe, non-toxic, biodegradable, biocompatible and contain several polar/ionic

groups that produce bioconjugate when covalently linked with hydrophobic drugs. The polymer-drug conjugation is

important in cancer chemotherapy as the clinical use of anticancer drugs suffer from their poor water solubility,

short circulation life, non-site-specific targeting, dose-dependent toxicity, and metabolic instability. Instead of novel

formulations, careful procedural considerations must be made in their clinical usage since polymer-drug conjugates

are evaluated for regulatory reasons as a new chemical entity .
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