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Amphiphiles are synthetic or natural molecules with the ability to self-assemble into a wide variety of structures including
micelles, vesicles, nanotubes, nanofibers, and lamellae. Self-assembly processes of amphiphiles have been widely used to mimic
biological systems, such as assembly of lipids and proteins, while their integrated actions allow the performance of highly
specific cellular functions which has paved a way for bottom-up bionanotechnology. While amphiphiles self-assembly has
attracted considerable attention for decades due to their extensive applications in material science, drug and gene delivery,
recent developments in nanoscience stimulated the combination of the simple approaches of amphiphile assembly with the
advanced concept of supramolecular self-assembly for the development of more complex, hierarchical nanostructures. Introduction
of stimulus responsive supramolecular amphiphile assembly-disassembly processes provides particularly novel approaches for
impacting bionanotechnology applications. Leading examples of these novel self-assembly processes can be found, in fact, in
biosystems where assemblies of different amphiphilic macrocomponents and their integrated actions allow the performance of
highly specific biological functions. In this perspective, we summarize in this tutorial review the basic concept and recent research
on self-assembly of traditional amphiphilic molecules (such as surfactants, amphiphile-like polymers, or lipids) and more recent
concepts of supramolecular amphiphiles assembly which have become increasingly important in emerging nanotechnology.

we present a tutorial introduction to the basic aspect of
traditional, head/tail(s) type, amphiphiles whose aggregation

Self-assembly processes involving amphiphilic macromole-
cules provide unique and new opportunities for designing
novel materials for advanced application in nanotechnology
[1-3]. The thermodynamic incompatibility between the dif-
ferent blocks causes a spatial organization into ordered mor-
phologies on the nanoscale with the production of novel
structural features, as demonstrated by recent studies [3, 4].
Leading examples can be found in biosystems where assem-
blies of different amphiphilic macromolecular components
and their integrated actions allow the performance of highly
specific cellular functions [3-5]. In the first part of this review

is driven by soft interactions such as hydrogen bonds and
steric effects and hydrophobic and electrostatic interaction.
Moreover, we highlight important examples where complex
processes such as the structure modulation and control of
morphology by other structure directing interactions can
stimulate advanced application in materials science as well
as in biological and medicinal chemistry. Finally, we provide
insight into the novel structural features obtained by the
precise tailoring of chemical structures and the efficient use
of noncovalent forces for the introduction of chirality, signal
processing, and recognition processes. The reversibility of
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FIGURE 1: Example of most common nonionic (a), anionic (b), cationic (c), and zwitterionic (d) amphiphilic molecule.

noncovalent interactions allows dynamic switching of nano-
structures morphology and functions in response to various
external stimuli which further provides a flexible platform for
the design and fabrication of smart amphiphilic nanomateri-
als and functional supramolecular devices.

2. Characteristic and Basic
Properties of Amphiphiles

Amphiphiles are compounds possessing both hydrophilic
(water-loving) and lipophilic (fat-loving) or water-hating
components. In conventional head/tail(s) amphiphiles the
lipophilic part consists generally of a long (saturated or unsat-
urated) hydrocarbon chain, while the hydrophilic head can
be either nonionic or ionic. Nonionic surfactants have either
polyether or polyhydroxyl units as the hydrophilic group.
A large variety of conventional nonionic surfactants consist
generally of a hydrophilic poly(ethylene oxide) chain, often
called ethoxylates, connected with a hydrophobic alkyl chain,
and are generally used in cleaning applications with anionic
surfactants. For example, polyoxyethylene alkyl ethers, C E,,
are nonionic surfactants made of m hydrophilic oxyeth-
ylene units and an alkyl chain with » methylene groups

(Figure 1(a)). Anionic surfactants, which are widely used as
detergents and soap for cleaning processes, consist generally
of negatively charged headgroups and positively charged
counterions (such as sodium, potassium, or ammonium
ions). Carboxylate, sulfate, sulphonate, and phosphate are the
commonly used polar groups (Figure 1(b)). Cationic surfac-
tants consist of positively charged headgroups such as a qua-
ternary ammonium and a halide ion as a counterion. Cetyl-
trimethylammonium bromide (CTAB) and sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) are the most employed
cationic amphiphiles (Figures 1(b) and 1(c)). Finally in zwit-
terionic amphiphiles the headgroups possess both a positive
and negative charge, as it happens, for example, in the vesicle-
forming phospholipid phosphatidylcholine (Figure 1(d)). For
example, if zwitterions contain a carboxylate and a proto-
nated ammonium ion, it may behave as an anion (at high pH)
or a cation (at low pH) assuming then an amphoteric charac-
ter. Some traditional amphiphilic molecules are reported in
Figure 1.

Due to their amphiphilicity (or surface activity), the
amphiphiles polar headgroup interacts with the water while
the nonpolar lipophilic chain will migrate above the interface
(either in the air or in a nonpolar liquid). In this case the
disruption of the cohesive energy at the interface favors
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FIGURE 2: Schematic representation of polarity of water molecules and hydrogen bond in water.

a microphase separation between the selective solvent and
the dispersed phase of the amphiphile with the formation
of many smaller closed interfaces or micelles-like aggregates.
Due to their ability to reduce the interfacial tension amphi-
philic molecules are often called surfactants (i.e., surface
active agents). For this reason amphiphiles play an important
role as emulsifiers, detergents, dispersants, and wetting and
foaming agents in several applications [6, 7].

3. Soft Interaction in Amphiphiles
Self-Assembly

Despite the weakness of the forces involved in amphiphiles
self-assembly, the relevant number of these soft interactions
will produce an overall effect that is strong enough to hold
different amphiphile molecules together as well as to ensure
their stability in solution [8, 9]. Moreover, the weakness of
the involved interactions makes the structure more flexible
enabling the system to withstand minor perturbation while
preserving the reversibility of the self-assembled structure.
The main weak (noncovalent) forces acting in the amphi-
philes self-assembly are hydrogen bonding, hydrophobic
effects, electrostatic interaction, and van der Waals forces.
The strength of those soft interactions, which are much less
intense than the covalent bonds (400 k] mol™), varies from
less than 5kJ mol ™ for van der Waals forces to up to a maxi-
mum 120 k] mol " for hydrogen bond (or up to 400 for metal-
ligand interactions). A summary of those soft interactions is
presented in Table 1.

Stability in solution of the amphiphiles within the aggre-
gates is given both to the hydration of the hydrophilic (polar)
headgroups and to the insertion of the hydrophobic (apolar)
tail(s) in the solvent. The first is an enthalpic gain in solvation
due to hydrogen bond formation while the second, called the
hydrophobic effect, is a gain in entropy of the bulk water.

Hydrogen bonds are essential for important functions in
biological systems as they are strong enough to bind bio-
molecules together but weak enough, when necessary, to be
broken inside living cells. Biomolecules, in fact, have H-bond
acceptors and donors within them due to the presence of
molecular dipoles of hydrogens (H) atoms bonded with elec-
tronegative atoms (like oxygen, nitrogen, or fluorine). In
water the nonbonding electrons are the H-bond acceptors
and the hydrogen atoms are the H-bond donors. As shown in

TABLE 1: Strength of the main noncovalent interaction involved in
amphiphiles self-assembly.

Bonding and interaction type kJ/mol
Covalent bond 100-400
Ton-ion/ion-dipole/dipole-dipole 200-300/50-200/5-50
Hydrogen bond 4-120
Cation-n(7r) interaction 5-80

7t-7t interaction 0-50

van der Waals interaction (<5kJ/mol)
Hydrophobic effects Entropy
Metal-ligand 0-400

Figure 2, the polarity of water molecules results in the attrac-
tion of the negative (oxygen) portion and positive (hydrogen)
partial charges and is at the basis for the water hydrogen
bonding which have many important implications on the
properties of water and its relevant functions in biological
systems [10-13].

Together with the hydrogen bond, the hydrophobic effect
is the second main driving force of amphiphile self-assembly
into various supramolecular structures. The hydrophobic
effect plays an important role in many soft matter systems as it
regulates the tendency of nonpolar (hydrophobic) molecules
to self-aggregate [14, 15]. When a hydrophobic compound is
inserted in water we observe the disruption of the H-bonding
water network that favors a rearrangement of the water
molecules around the nonpolar molecules. When different
nonpolar molecules are dissolved in water the disruption of
the H-bonding water network favors the creation of larger
cavities to accommodate an assembly of nonpolar (solute)
molecules. In this case water molecules structures that are
distorted by the presence of the hydrophobe will make new
hydrogen bonds thus inducing an ice-like cage structure
(called a clathrate) around the hydrophobic molecules [15,16].
This process corresponds to an effective mutual attraction
between the nonpolar molecules in water (hydrophobic inter-
action), while entropically more favorable aggregated struc-
tures are generated to minimize the disruption of the water
structure.

The hydrophobic effect plays a crucial role not only in
the formation of amphiphilic micellar aggregates but also for
a wide range of other biological processes such as protein
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FIGURE 3: Schematic representation of the electrical double layer of self-assembled charged amphiphilic molecules.

folding or drug delivery in biomembranes. Synergistic effects
of hydrophobic and hydrogen bond interactions are impor-
tant in keeping a protein alive and biologically active through
the folding processes which allow the protein to decrease in
surface thus reducing the undesired interactions with water
[12-18].

Another important interaction, which is mainly con-
nected with ionic amphiphiles self-assembly and stability in
solution, is represented by the Derjaguin, Landau, Vervey,
and Overbeek (DLVO) theory of charged colloids [19, 20].
This theory represents the cornerstone to rationalize forces
between charged colloids (or charged amphiphiles) at inter-
faces and to explain their aggregation behavior in solu-
tion. DLVO theory assumes that the interaction in solution
between charged colloids can be approximated by two prin-
cipal contributions, namely, the van der Waals and double
layer interactions [20-22]. The van der Waals interaction is
composed by a short-range repulsive (hard sphere) force and
short-range attractive London dispersion force generated by
a temporary (short-lived) dipole induced by a polarization
of the electron distribution of an adjacent atom. The mag-
nitude of this short-range attractive interaction is generally
approximated by the simple “6-12 Lennard-Jones potential”
Vyaw = (A/r®=B/r'?) [21]. For example, hydrocarbons which
do not carry any charges (and have no permanent dipole)
are dominated by van der Waals interactions. Those inter-
actions are extremely important in biomembranes where the
phospholipids are tightly packed in aqueous medium [5, 23].
The double layer interaction originates from the dissociation
of the amphiphile surface groups or adsorption of charged

molecules (such as polyelectrolyte) from the solution. As
described in Figure 3 the electrical double layer (EDL)
consists of (immobile) layer of ions strongly bound to the
charged surface (Stern layer) and an adjacent region of loosely
associated mobile ions (diffuse layer). The total electrical
double layer due to the formation of the counterion layers
results in electrostatic screening of the aggregate wall charge
and minimizes the Gibbs free energy of EDL formation. In a
first approximation the thickness of the diffuse electric double
layer is represented as the inverse of the Debye-Huckel screen-
ing constant K = (SﬂezNaI/sKBT X 103)1/2 which is deter-
mined, at a given temperature T', by the ionic strength I of the
solvent (in mol/L) (where e is the unit of electron charge, Ky
is the Boltzmann constant, and N, is the Avogadro number).

4. Amphiphiles Self-Assembly and
Aggregates Formation

Self-assembly is a process by which disordered building blocks
governed by specific interblocks mutual interaction form an
ordered structure through a spontaneous organization. The
building blocks are not necessarily amphiphile molecules but
can span a wide range of macromolecular nano- and meso-
scopic structures with different chemical compositions,
shapes, and functionalities. For example, the polypeptide
chains folding into proteins or conformational changes of
nucleic acids into their different functional forms are relevant
examples of self-assembly processes in biological systems.
The main requirement to have a favorable spontaneous orga-
nization toward a self-assembled structure is the minimum
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energy configuration at equilibrium. More specifically the
generated self-assembled structure has a higher order (lower
entropy) than the isolated components, while its surround-
ings present generally a more disordered configuration
(higher entropy). In this respect from the thermodynamic
point of view the self-association and micellar formation of
amphiphilic molecules are driven by the competition between
interfacial energy of the micelle core with solvent and the con-
formational distortion energy of the soluble chains emanating
from the core. According to the closed association model the
detected critical micellar concentration (CMC) can be used
to obtain information on the thermodynamic parameters of
the micellization process [1, 2, 6]. The standard Gibbs free
energy change AG for the transfer of 1mol of amphiphile
from solution to the micellar phase (so-called free energy of
micellization) can be expressed as a function of the absolute
temperature T and the CMC molar fraction X and can
be approximated by AG = RT In(Xcyc) (where R is the
ideal gas constant) [6-9]. Amphiphiles self-assembly can
be demonstrated experimentally through the measurement
of a discontinuity, usually associated with the formation of
micelles, in the physical property at a given concentration
(critical micelle concentration—CMC) and temperature (crit-
ical micelle temperature—CMT). Together with theoretical
modeling and simulation approaches [1, 2, 24], useful physical
quantities for detecting the CMC are the equivalent conduc-
tivity, osmotic pressure, surface tension, and fluorescence of a
chromophore added to the solution. Some of these quantities
are shown in Figure 4.

For commonly used surfactants the CMC is typically less
than about 0.01M (e.g., for sodium dodecyl sulfate: CMC =
0.008 M). It is worth mentioning that different experimental
[25, 26] and theoretical [27] investigations have provided
indication of an amphiphiles premicellar aggregation with the
appearance of aggregates at concentrations four times lower
than the macroscopically determined CMC as indicated by
fluorescence correlation spectroscopy experiment [25]. Com-
bining thermodynamic model with reaction rate theory it
has been demonstrated that, over most of the metastable
concentration range, the premicellar aggregates have macro-
scopic lifetimes and small polydispersity [27]. Finally, it is
important to notice that the micellar aggregates should not
be considered as “permanent” frozen structures, but they are
rather thermodynamic equilibrium systems with a dynamic
structure in which the unimers exchange rapidly with the
bulk solution. Lifetime of molecule in a small micelle is bet-
ween 107> and 107 s.

5. Amphiphile Packing Factors and
Aggregates Morphologies

The shape and size of given micellar aggregates depend on the
molecular geometry of its component surfactant molecules
and the solution conditions such as surfactant concentration,
temperature, pH, and ionic strength. Control over the shapes
gives a possibility to develop and manipulate nanostructures
architecture. In this way, exciting functional systems are

Free amphiphiles Micellar aggregates

Osmotic pressure

Surface tension

Property magnitude

Equivalent
conductivity

Self-diffusion

'CMC

Amphiphile concentration

FIGURE 4: Behavior of some physical properties and their disconti-
nuity associated with the formation of micelles at the critical micelle
concentration (CMC) for amphiphiles in a selective solvent.

developed which can find a wide range of technological appli-
cations in different fields of science. Preliminary estimates of
shape and size can be made with the analysis of the criti-
cal packing factor (Cpp)- According to Israelachvili [1, 8]
the structure of the aggregate can be predicted from the
critical packing parameter C,, = V,/A;L, where Vj is
the effective volume occupied by hydrophobic chains in the
aggregate core, I, is the maximum effective length (critical
chainlength),and A ;. is the effective hydrophilic headgroup
surface area at the aggregate-solution interface. With the
increment of C, value, the structure of aggregates can be
spherical (Cpp < 1/3), eylindrical (1/3 < Cpp < 1/2), and
lamellar (C,, = 1). For 1/2 < C,, < 1 vesicles are generally
generated, which correspond to spherical (or ellipsoidal)
closed amphiphile bilayer structures with an internal cavity
containing the dispersion solution [1, 6]. A summary of the
aggregate structures that can be predicted from the critical
packing parameter C,,,, is reported in Figure 5.

Typical vesicles are formed by synthetic or natural phos-
pholipids (liposomes) and are generally composed of one
hydrophilic head and two hydrophobic tails [4, 5]. When
phospholipids are dispersed in water, they tend to aggregate
spontaneously to form bilayers, which resemble the types
of structures they form in biological membranes. Bilayer
vesicles are generally metastable structures in aqueous solu-
tion and, depending on the conditions of preparation (i.e.,
stirring, sonication, and extrusion), some energy is required
to dissolve the amphiphile in water and to induce self-
aggregation. In such cases the produced vesicles, with typical
sizes ranging from 10 nm to 10 ym, may contain one (unil-
amellar) or more (multilamellar) concentric bilayer surfaces
in an onion-like structure (hydrated multilayers) [28-30].

For packing parameters larger than one (C,, > 1) inverse
micelles can form. In this case, hydrophobic chains radiate
away from centrally aggregated headgroups that surround the
water solvent. Inverse aggregates also form in isotropic and
thermodynamically stable ternary systems such as microe-
mulsions, where two immiscible phases (water and “o0il”) are
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present with a surfactant, such as the AOT amphiphile pre-
sented in Figure 1(d). The surfactant molecules, often in com-
bination with a cosurfactant, form a monolayer at the oil-
water interface, with the surfactant hydrophobic tails dis-
solved in the oil phase while the hydrophilic headgroups stay

in the aqueous phase. The basic types of microemulsions are
the “direct” oil-in-water (o/w), the “reversed” of water-in-
oil (w/o0), and the bicontinuous, while the microemulsions
droplet radii are usually in the range of 5-50 nm [31, 32]. It is
worth pointing out that the precise description of aggregate
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morphology for amphiphiles with more complex topology
is more difficult to rationalize due to the different involved
intermolecular interactions and complex synergistic effects
present [33, 34].

6. Phase Diagrams and Lyotropic Liquid
Crystal Structures of Amphiphiles

As previously stated the amount of amphiphilic molecules
influences the morphology of the self-assembled structures.
While at very low concentration the molecules will be dis-
persed randomly without any ordering, at the higher amphi-
phile concentrations the self-assembled nanostructures can
order themselves in much the same way as thermotropic
liquid crystals do. The major prerequisite for the appearance
of liquid crystal phases is anisotropy. While for thermotropic
liquid crystals no solvent is required, for lyotropic liquid
crystals (LLC) formed by amphiphilic molecules in selective
solvents the anisotropy is based mainly on the different
solubility properties of the different ends of the amphiphiles
and a subtle balance of intermolecular interactions [35-
37]. Different classes of lyotropic liquid crystals phases of
surfactant systems have been extensively investigated over the
whole concentration range while different order parameters
of their structures have been classified by means of X-ray
diffraction patterns and chemical shift splitting in nuclear
magnetic resonance (NMR) spectra [37-39].

In Figure 6 a typical amphiphile LLC phase diagram is
presented. Surfactants dissolved in water generally present a
Krafft point, defined as the temperature (Ty) below which
amphiphile crystals are insoluble in water. As indicated in
the right side of Figure 6, at extremely high concentrations
of amphiphile reversed (or inverted) LLC phases are often
observed. Generally, more complex phase behavior is obser-
ved in nonionic amphiphiles [40]. For instance, in polyoxy-
ethylene- (EO-) based nonionic surfactant a decrease in the
EO headgroups hydration at the higher temperature causes an
effective attraction between adjacent micelles. In this case the
appearance of a cloud point indicates the temperature (and
concentration) at which phase separation occurs, while the
solution becomes turbid (cloudy) due to the formation of
an amphiphile-rich droplets phase. The lowest cloud point is
referred to as the lowest critical solution temperature (LCST).
Below the LCST surfactants dissolve in solution and above
LCST the nonionic amphiphiles separate from the water
solution and new two isotropic liquid phases are formed in
aqueous solution. Complex structural and dynamic features
as well as collective phenomena involving a large number of
macromolecules are the main factors influencing amphiphile
systems near the cloud point [40]. In Figure 7 a schematic
representation of a typical progression of phases as a function
of concentration for an amphiphile dissolved in a selective
solvent is presented. The cubic LLC phase consists of a cubic
arrangement of molecular aggregates of “normal” micelles in
a water continuous (I; phase). The reversed micelles phase
(L, phase) generally lies between the reversed hexagonal (H,)
and reversed micellar (L,) phases. Cubic phases are more
viscous than the corresponding hexagonal or lamellar phases.

300

Free  : . . “Inverted” phases
amphiphiles: Critical micelle liquid crystal

% / concentration

200
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FIGURE 6: Typical lyotropic liquid crystalline (LLC) phase diagram
of amphiphiles dissolved in a selective solvent.

In the hexagonal LLC phases amphiphiles form (indefinite
length) micellar cylinders that arrange themselves into a
roughly hexagonal lattice, whose spacing depends upon the
relative amounts of water and surfactant. There are two main
types of hexagonal phases, the “direct” hexagonal phase (H,)
and the reversed hexagonal phase (H,) where the micellar
cylinders are reversed with the hydrophobic chains radiating
outwards from the cylinders. Hexagonal LLC phases typically
contain 30% to 60% water by weight and despite this high
water content the phase is very viscous. For some systems
between the hexagonal and lamellar phases, a highly viscous
dense (cubic lattice) isotropic phase may exist wherein
spheres are formed. These spheres may also be connected
to one another, forming a bicontinuous cubic phase (V, and
V,). Finally the lamellar LCC phase (L, ) structures consist of
a layered arrangement of amphiphiles and are generally less
viscous than the hexagonal LLC ones, as the parallel layers
slide over each other with relative ease during shear.

The lamellar arrangement represents a particularly
important configuration of the liquid crystalline structure of
biological membranes [4, 5]. In cell plasma biomembranes,
formed prevalently by liquid crystalline phospholipids bilay-
ers, the hydrocarbon chains are not rigid and a gel phase
transition takes place at a given temperature Ty . Below Ty,
the headgroups become arranged in a more ordered manner
with a more straight conformation of the hydrocarbon chains.
The liquidity of biomembranes facilitates the movement of
macromolecules present within the phospholipids matrix
[4, 5], such as membrane proteins, while the interactions of
proteins with phospholipids molecules determine how the
sequence of amino acids in a protein is folded, which in turn
affects the functioning of the protein.

At very high amphiphile concentration the amphiphilic
molecules arrange themselves to maximize their polar-polar
and apolar-apolar interactions while minimizing the steric
hindrance. The low content of water (or any other molecules
that acted as “solvent” in previous cases) makes the structure
more rigid and a new region, characterized by liquid crystal
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phases, is then entered (see right part of Figure 6) [38-41].
The dynamics are not entirely frozen and the amphiphiles
form strong templating cages, while the remaining solvent
molecules are confined in region with the same polarity
[41]. In the extreme situation of pure amphiphiles, although
most of them are solid due to their ionic character, nonionic
amphiphiles still present interesting examples. In this case
amphiphile in the pure and liquid state generally has struc-
tures and dynamics typical of structured and glass forming
liquids. The opportune mixture of different amphiphiles can
trigger therefore the arising of striking emerging properties
that can be used for specific technological applications. For
example, the high proton conductivity of about 107> S cm™
at 150°C under anhydrous condition in self-assembled acid-
base composites formed by the acidic surfactant monodode-
cyl phosphate and the basic surfactant 2-undecylimidazole
molecules has been explained in terms of two-dimensional
proton-conducting pathways within the polar domains of
highly ordered lamellar structures [41], an effect that has been
obtained even at room temperature in octanoic acid/bis(2-
ethylhexyl)amine mixtures. The liquid crystal-like structure
in mixtures of pure amphiphiles can give peculiar struc-
tural properties that give exotic behavior, especially due to
the interplay between local molecular rearrangement and
partially/selectively arrested dynamics, like 1D molecular
diffusion, anti-Arrhenian behavior of conductivity, and so
forth [39-42].

7. Beyond the Conventional Amphiphiles

Beyond the more common micelles, vesicles, and liquid crys-
talline mesomorphic phases, amphiphilic molecules can hier-
archically self-assemble in a rich variety of more organized
nanostructures such as fibers, ribbons, helices, super helices,
and tubes, which have attracted the interest of supramolecular
chemists. With the advent of novel synthetized systems
containing multiple functional end-groups, it is more difficult
to predict what form an assembling system will take even if
the basic supramolecular modes of interaction are known.
In this case, a wide range of formations is available simply
by varying the balance of hydrophilic and hydrophobic

components, while recent studies have revealed that chirality
may play a critical role in controlling the shape of self-
assembled nanostructures.

71. Gemini and Bola Amphiphile. Gemini and Bola amphi-
philes are two examples of macromolecular amphiphile
topology different from the conventional head/tail(s) surfac-
tants. Both Gemini and Bola amphiphiles are good candidate
for a wide range of advanced applications such as dispersing,
foaming, solubilization, and drug and gene delivery.

Gemini amphiphile (Figure 8) contains two hydrophilic
headgroups linked by a spacer and two hydrophobic tails. The
two closer hydrophobic chains give to Gemini amphiphiles a
more compact molecular packing configuration that induces
sensitively low surface tensions. This class of compounds
shows intriguing properties such as submicellar aggregation
or formation of thread-like micelles. Moreover they generally
have a critical micelle concentration (CMC) which is up to
two orders of magnitude lower than the CMCs of correspond-
ing single chain surfactants and good solubilization proper-
ties [43]. Bola amphiphiles are amphiphilic macromolecules
containing two hydrophilic water-soluble groups placed at
both ends of a hydrophobic skeleton (generally one or more
alkyl chains). The presence of a second headgroup yields a
higher solubility in water, an increase in the CMC value,
and a decrease in aggregation number with respect to tradi-
tional single-headed amphiphiles. Together with the classical
spheres, cylinders, disks, and vesicles type aggregates, Bola
amphiphiles are also known to form helical structures, which
can form microtubular self-assemblies [44].

7.2. Organized Nanostructure: Micellar Fibers and Distorted
Bilayer-Based Aggregates Morphologies. Most of the novel
morphologies of assemblies result from the combination
of multiple weak interactions between amphiphilic macro-
molecules possessing specific packing properties and the exp-
erimental conditions of nanostructures self-assembly. On the
other hand the prediction and control over the final morphol-
ogy remain a difficult task while clear design rules have not
been unambiguously defined. For example, a recent synthesis
approach combines the anisotropic micellization process of
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amphiphilic crystalline-coil block copolymer in water and
reassembly effects during single spinneret electrospinning
[45]. The resulting core-shell micellar nanofibers structure
was composed of a polyvinyl alcohol (PVA) shell and poly-
ethylene glycol-block-poly(p-dioxanone) (PEG-b-PPDO) as
crystallizable core. Recent researches have revealed that
chirality plays a crucial role in controlling the shape of self-
assembled bilayer sheet-based aggregates such as helicoids,
tubules, and spiral ribbons morphologies. With the aim
of explaining what influences the formation of curved aggre-
gates different chirality-based theories have been proposed
based on chiral self-assembly models [46-48]. According to
these theories some chiral constraints in the systems force
macromolecules to self-assemble in a nonparallel arrange-
ment (i.e., with nonzero angle with respect to their nearest
neighbours) thus generating a preferred orientation in the
structure of the bilayer. As a consequence the twisting of the
bilayer (distorted bilayers) induces the formation of hollow
cylinders and an initial fibrous morphology [46-48].

7.3. Bioinspired Peptide Amphiphiles. Bioinspired amphiphi-
les are self-assembling macromolecular structures composed
of amphiphiles where some biological functionalities are
embedded. The introduction of biological motifs such as
simple peptides, carbohydrates, or steroids into the structures
of amphiphiles allows mimicking specific functions of biosys-
tems thus representing a formidable approach leading to
wide range of potential applications in drug delivery and
biotechnology in general. One of the best examples of smart
biofunctional amphiphiles is the peptide amphiphiles [49].
Peptide amphiphiles (PAs) are constructed by solid-phase
peptide synthesis through the conjugation of a hydrophobic
tail to a short peptide sequence. When dissolved in water, PAs
tend to self-assemble into cylindrical aggregates of nanofibers
(about 10 nm in width and microns in length), while the
selection of the amino acids determines, through folding and

hydrogen bonding, the generated (secondary, tertiary, and
quaternary) structures.

The three main regions of PA (Figure 9) are, respectively,
the hydrophobic tail forming the PA nanofiber core (region I),
B-sheet forming amino acids that induce formation of a fila-
mentous nanostructure with hydrogen bonds (central region
II), and finally the (charged) hydrophilic moieties that facil-
itate PAs water solubility (region III) [49-51]. By changing
amino acids types in region II the properties of PA assemblies
can be tuned to accomplish specific functions, while bioactive
sequences can be attached at the water-exposed surface of
the peptide sequence. At specific ionic strengths it is possible
to observe PAs gelation at low concentration (<1 wt.%) with
the formation of a fibrous mesh. In this case encapsulation
and release of small drugs from PAs supramolecular gels
can be regulated by the hydrophobic and ionic interactions
between the drug and the PAs hydrogel. Release kinetics of
PAs with the model drug Prodan bound at different sites
in the PA nanostructure showed that release rate increases
with decreasing packing density, decreasing order in the
hydrophobic PA core, and decreasing 3-sheet character in the
peptide [51]. The study demonstrates the capacity to control
drug release by exploiting supramolecular structure. Peptide
materials are good candidates also for in vivo gelling for
delivery of drugs and proteins as well as in regenerative
medicine. In vivo gelation can be obtained by injecting the
PA solution within preformed nanostructures at low ionic
strength into the high ionic strength environment of biologi-
cal tissues. During diffusion process into a biomembrane the
drug travels from a dilute solution outside of the cell to a
particular site in the cell. With the aim of elucidating kinetic
mechanisms of molecular assembly and the main factors that
ultimately influence the final morphology of nanostructures,
coarse-grained molecular dynamics simulations have been
performed on a system of 800 peptide amphiphiles (sequence
palmitoyl-Val;Ala;Glu,) [52]. The study pointed out how
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FIGURE 9: Chemical structure of peptide amphiphiles E2 (C,;V,A,E,) and their self-assembled nanofiber [49].

the self-assembly process occurs via a multistep process with
transient intermediates including open networks of f3-sheets,
cylindrical nanofibers, and elongated micelles.

8. Self-Assembly in Polymer-Based
Amphiphiles: Linear, Hyperbranched, and
Cross-Linked Morphologies

Another important class of amphiphilic compounds are rep-
resented by macromolecular polymer-based amphiphiles.
The concept of amphiphile can be extended, in fact, to poly-
meric amphiphile obtained by linking hydrophilic/hydro-
phobic polymer blocks through a covalent bond (amphiphilic
block copolymers). Depending on the molecular topology
and the binding sites in the building blocks, amphiphilic
polymers can be classified into three main types: linear (block)
copolymers, dendritic/star-shaped/hyperbranched polymers,
and cross-linked polymers (or hydrogels) [53, 54].

8.1. Self-Assembly of Linear Block Copolymers. Self-assembly
of linear block copolymers in selective solvents can be viewed
in strong analogy to low molecular weight surfactant in water.
On the other hand, since a block copolymer chain may
consist of more than 400 monomeric units, the free energy
per micelles is much larger for block copolymers than for
traditional surfactants in water. This circumstance facili-
tates the entanglement between the polymer chains and
stronger interblock interactions that prevent quick molecular
exchange in comparison with traditional amphiphiles. More-
over, the possibility of molecular control by tuning the desired
polymer composition and architecture makes these systems
a versatile tool to study, in a convenient way, the rich and
complex phenomenology in the field of colloidal science
[53-57] and stimulates the route for the rational design and
engineering of materials with desired properties [58, 59]. For
example, Zeng et al. [60] recently provided a facile synthesis

Region II
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Region III

of peptide-RGD, poly(ethylene glycol), and cholesterol mod-
ified liposomes (RGD-PEG-Chol) with potential application
asa drug delivery system of the poorly soluble antitumor drug
paclitaxel (PTX). The drug carrier showed increased cellular
uptake and sustained in vitro drug release behavior, while
flow cytometry analysis revealed an increased cellular uptake
of coumarin encapsulated in the RGD-PEG-Chol liposome
for human umbilical vein endothelial cells (HUVEC). More-
over, the in vitro cytotoxicity shows that RGD-PTX lipo-
some has significantly enhanced cytotoxicity of paclitaxel for
melanoma cells [60]. Besides the linear AB diblock copo-
lymers, most commonly thermoresponsive linear ABA tri-
block architecture obtained by versatile synthesis processes
has attracted enormous interest and has already found broad
application in biomedicine as tissue engineering and in
drug/protein delivery [61, 62]. Depending on the position of
the hydrophobic block, ABA triblock copolymers in water
form star-like (with central hydrophobic B block) or flower-
like micelles, with external hydrophobic A block forming
a loop (i.e., a “petal”). In thermoresponsive ABA triblock
copolymers, the temperature can be used as a trigger to form
flower-type micelles or/and hydrogels at the higher concen-
trations. Recent studies on block polymeric micelles have
demonstrated particular strength in solubilizing hydropho-
bic drugs in relevant doses without the inclusion of toxic
organic solvents or surfactants [63, 64]. Moreover, anticancer
efficiency can be obtained by modifying the micelles surface
with targeting ligands for specific recognition of receptors
(overexpressed on the surface of tumor cells) [65]. While
the hydrophobic block can be tailored to encapsulate drug
molecules with a wide variety of structures, the hydrophilic
block is generally formed of poly(ethylene glycol) (PEG),
which assures the requested biocompatibility and the desired
“stealth” characteristic that minimize unwanted interactions
with cellular components. Polymers used in redox-responsive
block copolymer systems often use poly(ethylene glycol)
(PEG) in combination with biodegradable polymers such as
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polyesters poly(lactic acid), poly(y-methyl-e-caprolactone)
[66].

A special class of ABA triblock copolymers are rep-
resented by the commercially available Pluronic-type class
of amphiphilic poly(ethyleneoxide)-poly(propyleneoxide)-
poly(ethyleneoxide) PEO,,-PPO,-PEO,, triblock copoly-
mers (Figure 10). Apart from their widespread industrial
applications in detergency, dispersion stabilization, foaming,
emulsification, lubrication, and formulation of cosmetics,
Pluronic copolymers represent a versatile component for
applications in medicine, as drug delivery carriers, biological
response modifiers, and pharmaceutical ingredients. A rele-
vant number of studies involving Pluronic block copolymers
as drug delivery systems or bioformulations for (pre)clinical
use or trials are present in literature [67].

8.2. Hyperbranched, Star-Shaped, and Dendritic Polymers.
Another interesting class of polymer-based amphiphiles are
constructed by employing the highly branched three-dimen-
sional polymer such as hyperbranched, star-shaped, and
dendritic polymers. These classes of macromolecules have
attracted a great attention owing to their interesting prop-
erties resulting from the (hyper)branched architecture and

the high number of functional groups that generate poor
molecular entanglement, high solubility, and generally low
viscosity [58, 68, 69]. Dendrimers are highly monodispersed
macromolecules with well-defined branched architecture
consisting of dendritic cores and peripheral sites and rep-
resent fascinating building blocks for versatile application
in host-guest, biotechnology, and catalytic chemistry [70,
71]. The (charged) surface end-groups strongly influence the
interaction and the solubility as well as the molecular recogni-
tion ability, while the topological and chemical variety of the
core region impart the requested size, absorption ability, and
inclusion-release characteristics to the central cavity [71, 72].
In comparison to dendrimers that request accurate multistep
syntheses, hyperbranched polymers are usually synthesized in
one-step processes and are considered to be ill-defined den-
drimers due to their higher polydispersity. Recently, hyper-
branched polymers have received more and more interest
in both academic and industrial fields because of their
advantages in facile one-pot synthesis, low cost, peculiar
structures, excellent properties, and broad applications [73].
Applications in the field of nanoscience and technology
highlighted in recent literature include catalysis, energy har-
vesting, photonics, drug delivery, and gene transfection [74,
75]. Within these supramolecular hyperbranched polymers
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FIGURE 11: Schematic representation of complex shape amphiphiles: cuttlefish (a) [76], jellyfish (b) [77], and linear-dendrimer (c), linear-

hyperbranched (d) diblock copolymer.

linear-dendritic block copolymers and dendritic-dendritic block
(or multiarm) copolymers appear as promising materials for
different advanced applications such as controlled drug deliv-
ery, environmental-specific nanoreactors, artificial enzymes,
and biosensors [74, 75]. A schematic representation of some
complex shape amphiphiles is reported in Figure 11.

Entanglement of multiple polymer segments by chemical
synthesis has been employed to realize macromolecular
amphiphiles with a large variety of different morphologies.
For example, a series of novel fluorinated amphiphilic poly-
merization stabilizers of different architecture (diblock, graf-
ted, or palm tree copolymers) were successfully prepared by
reversible addition-fragmentation chain transfer controlled
synthesis [78] while the synthesis and self-assembly processes
of uniform aggregates of cuttlefish [76] and jellyfish [77]
shaped modified cyclodextrin have been recently reported.
It is worth mentioning that highly branched (co)polymers
represent also fascinating and versatile building blocks for
versatile construction of stimuli-responsive nanomaterials.
In this respect photoresponsive supramolecular Janus hyper-
branched polymer (JHBP) obtained on the basis of cyclo-
dextrin/azobenzene host-guest molecular recognition self-
assembly (and disassembly) processes [79] has been recently
synthesized. The Janus hyperbranched polymer consisting
of two distinct hyperbranched polymers (resembling a tree
together with its root) was constructed by the noncovalent
coupling between a hydrophobic hyperbranched poly(3-
ethyl-3-oxetanemethanol) with an apex of azobenzene (AZO)
group and a hydrophilic hyperbranched polyglycerol with
an apex of -cyclodextrin (CD) group through the specific
AZO/CD host-guest interactions. Simulations indicate that the
material self-assembles into unilamellar bilayer vesicles with
narrow size distribution, which disassembles reversibly under
the UV light irradiation due to the trans-to-cis isomerization
of the AZO groups. Moreover, TEM indicated that, under
freeze-drying conditions, the vesicles further aggregate into
colloidal crystal-like close-packed arrays [79].

8.3. Amphiphilic Polymer Conetworks (Hydrogels). Amphi-
philic polymer conetworks consist of chemically (or physi-
cally) cross-linked polymer networks containing both hydro-
philic (or polar) and hydrophobic monomers that can swell
their volume in response to external stimuli or (internal)
environment changes [80, 81]. These polymer networks are
generally dispersed in water which form semisolid states
(hydrogels). As represented in Figure 12(a) the main types
of hydrogels are, respectively, the physical gel, formed by
physical entanglement (without covalently linking) of poly-
mer chains, the covalently linked networks (or cross-linked
gels), and finally the interpenetrating networks consisting
of networks formed cross-linking two (or more) different
polymers. Due to its LCST (close to body temperature) and its
fast on-oft switching thermosensitive poly(N-isopropylacryl-
amide) (PNIPAAm) hydrogel with an interpenetrating poly-
mer network (IPN) structure is one of the most intensely
studied topics for biomedical applications [82]. When cross-
linked into hydrogels, the coil-to-globule transition is fol-
lowed by a decrease in the gel volume resulting in a fast
diffusion controlled release of entrapped drug and solvent.
Stimuli-responsive (smart) hydrogels can perform mechanical
work in response to external changes of the physical proper-
ties of the system (stimuli) such as its temperature, electric
field, and exposure to light [83]. Their applications include
microfluidic and microactuators devices, superadsorbent,
electrolyte batteries, and artificial muscles [83-85]. In bio-
medical research responsive hydrogel has found applications
in biosensors, drug delivery, tissue engineering, and bio-
mimetic materials [86-88].

The properties of hydrogels can be tuned to match
the needs of specific applications by the choice of spe-
cific polymer (molecular structure and segments length)
and the cross-linking mechanism and presence of acidic
(or basic) polymer moieties, whose state of protonation
can be controlled with pH or salt concentration. The pH-
sensitive gels have been mainly considered for the delivery
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FIGURE 12: Schematic representation of the main types of hydrogels (a). In situ formation of a scaffold in tissue engineering, by injection into
the wound of a polymer/cell solution and formation of a cross-linked polymer network (b).

of hydrophilic drugs, where the release of the molecules
generally occurs by diffusion in the swollen polymer network.
The pH-responsive behavior can be useful to engineer devices
for the targeted delivery of hydrophobic drugs. For example,
the drug can be accurately localized within the hydrophobic
pockets of the hydrogel (Figure 12(b)), while the hydrophobic
drug’s release can be externally controlled by varying the
bath pH or ionic strength. Particularly interesting as drug
delivery vehicles are the mesoordered hydrogels due to their
high controllable porosity, large surface area, and pore size
distribution. Formation of well-ordered mesoordered hydro-
gel particles (with 5 nm pore size) by means of cross-linking
poly(ethylene glycol) diacrylate (PEG-DA) in the presence of
surfactants has been recently reported [89]. Due to its molec-
ular permeability and high mechanical strength in combi-
nation with a high water content (>70%) interpenetrating
network consisting of poly(ethylene glycol) and poly(acrylic
acid) (PEG-PAA) has been developed and characterized for
potential application as an artificial cornea or as replacement
materials for the cartilage and other load-bearing anatomical
structures [90]. In the presence of stereogenic center in
the polymer, during the gel formation process chirality is
transferred from singular molecules to nanoscale structures
thus influencing morphology and global gelation behavior of
hydrogels. Studies of hydrogel chirality have stimulated inter-
disciplinary research at the crossroad between material sci-
ences, chemistry, and biomedicines with potential applica-
tions in microfluid devices, chiral recognition, enantiomeric
separation, and controlled drug release [83, 86, 91].

9. Amphiphiles as Templates for the Synthesis
of Mesoporous Nanostructures

The peculiar structural characteristic of the amphiphile,
specifically the simultaneous presence of polar and apolar
moieties within the molecular architecture, allows the forma-
tion of closed structures (reversed micelles) which have been
exploited successfully already in the 1980s for the synthesis
of nanoparticles [92]. Thinking of such aggregates not in
static sense, the templating effect can be traced back to their
peculiar dynamical processes (with lifetimes of the order
of milliseconds), while the intermicellar material exchange
process, occurring on the same time scale, allows hydrophilic
reactants to come rapidly in contact and react [93]. Moreover,
the closed structure of the oriented monolayer of amphiphiles
and their dispersion in a nonpolar environment could inhibit
the unlimited growth of nanoparticles. In this respect the
nanoparticles-amphiphiles soft interactions are responsible
for nanoparticle coating, protection, and stabilization pro-
cesses [94], while both size and shape of such templating
structures can be modulated by opportunely changing the
composition and the amphiphile nature.

The use of amphiphiles self-assembly has been demon-
strated in promising bottom-up methods especially for desig-
ning alternative protocols for the self-assembly mechanism
of supramolecular organic-inorganic nanostructures based on
porous materials in which an amphiphilic macromolecular
template drives the formation of nanostructures with peculiar
final properties [95, 96]. In this respect, combination of
molecular interactions together with the ability to control
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FIGURE 13: Formation mechanism of mesoporous silica materials. When the silica precursor is added to the amphiphiles solution the spherical
micelles become elongated and arrange themselves in a hexagonal pattern while the silica walls are built. After the removal of surfactants by

calcination only the mesoporous silica porous structure remains [104].

both length scale and structural morphologies [97-100]
makes amphiphiles particularly interesting templates in the
synthesis of porous materials with new characteristics and
properties. Amphiphilic micelles templated mesoporous sil-
ica materials have attracted considerable interest in a wide
range of applications including (heterogeneous) catalysis,
adsorption and separation processes, electronics, optics,
host-guest chemistry, and biotechnology [96, 101]. First syn-
thesis of silica mesoporous nanoparticles with nonionic tri-
block polymers as template was reported by Zhao et al. in 1998
(102, 103]. These materials were named SBA-X (Santa Barbara
Amorphous), where X is a number corresponding to a spe-
cific pore structure and surfactant. For example, SBA-15, the
most extensively studied mesoporous silica, has hexagonally
ordered cylindrical pores synthesized using Pluronic P123 as
a surfactant template.

The different stages of structure formation and driving
forces controlling the synthesis of SBA-15 (sol-gel synthesis)
are still only in part understood. The colloidal solution system
(sol) is composed of the surfactant micelles dispersed in an
aqueous solution in presence of a silica source (precursor)
such as the organosilicate compound tetramethyl orthosil-
icate (TMOS) or tetraethyl orthosilicate (TEOS) or other
alkoxides with longer alkyl chains. When the silica precursor
is added to the sol it adsorbs on the micelles and hydrolyses
while a silica network is gradually formed (a gel) in which the
liquid is enclosed. Finally, the gel is heated (calcinated) and
the surfactant is decomposed or oxidized under oxygen or air
atmospheres and evaporates, while the porous silica network
remains. The whole process is also referred to as soft tem-
plating, for the use of an organic material as (soft) template,
or “cooperative self-assembly” as the amphiphile and the
silica precursor assembly are simultaneous. In a variation of
this method a much more concentrated (amphiphile) liquid
crystalline phase solution is preformed before condensation
of the inorganic framework, while the precursors are added
in successive period of the synthesis process (liquid crystal
templating). In Figure 13 a schematic representation of the
formation mechanism of mesoporous silica materials is
reported [104]. Investigation of the SBA-15 synthesis with
SAXS, NMR, and TEM techniques indicated the adsorption
of silica source on the hydrophilic PEO chains of the micelles

during the hydrolysis [105]. The polymerization of the silica
introduces an attractive interaction between the micelles
which elongates in thread-like (cylindrical) micelles leading
to the final formation of flocs of micelles. SAXS/SANS in
situ experiment has also been employed to investigate the
different phases of the self-assembly in solution of different
2D-hexagonal silica SBA-15 nanostructured materials [106]
while the fine-tuning of the intrawall porosity and (primary)
mesoporosity of SBA-15 has been obtained by addition of
salt or by changing the temperature during the synthesis
steps, as demonstrated recently by means of nitrogen sorption
and small-angle X-ray diffraction experiments [107]. Many
examples of soft templating use also ionic amphiphiles
[108]. For example, a time-resolved synchrotron SAXS study
investigated the synthesis of MCM-41 materials starting
from a self-assembly process involving a Gemini (C16-4-
16) surfactant as template [109]. Moreover the time-resolved,
contrast-matched SANS investigation of Hollamby et al. [110]
has shown the formation mechanisms of mesoporous silica
nanoparticles (MSNs) in presence of CTAB amphiphiles.
With the aim of resolving the stability problem of syn-
thesized zeolite-based porous nanostructures in solution the
successful formation of a mesoporous spherical complex,
driven by the incorporation of aluminosilicate in a dendrimer
charged surface, has been recently demonstrated [111] by
means of dynamic light scattering (DLS) and small-angle
X-ray scattering (SAXS) investigations. The use of highly
branched macromolecular structure as template furnishes an
enhancement of template stability in solution during the
zeolite synthesis. In Figure 14 an example of the self-assembly
of LTA zeolite synthesis in presence of PDMS-PEO block
copolymer template is presented [100]. Recently Xu et al.
reported an approach for designing a single (quaternary
ammonium) head amphiphilic template with strong ordered
self-assembling ability by employing the 77-7 stacking interac-
tions [112]. The noncovalent (aromatic-aromatic) 7z-7 stack-
ing interactions have been shown to stabilize the micelle
structure by introducing strong mutual interactions in the
hydrophobic chain to block crystal growth by forming an
extremely stable hydrophobic layer and giving an ordered ori-
entation to the new designed MFI zeolitic (nanosheet) frame-
work. In conclusion, it is worth mentioning that mesoporous
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FIGURE 14: Small-angle X-ray scattering (SAXS) spectra during the
LTA zeolite synthesis in presence of PDMS-PEO block copolymer
as template. Core-shell structural approach (for ¢ > 0.3nm™)
and Guinier type SAXS analysis of aggregation subunits (for g <
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silica nanoparticles (MSNs) are a highly promising platform
for intracellular controlled release of drugs and biomolecules.
Although their application in the field of intracellular drug
delivery is still at the beginning very exciting breakthroughs
have been achieved in the last years. The ability to function-
alize the surface of the MSNs with organic groups was used
as a way to incorporate functional molecules that are able to
interact with intracellular structures and could then represent
a promising vehicle for drug targeting applications [113-116].

10. Hierarchical Self-Assembly and
Supramolecular Amphiphiles

In a traditional amphiphile the hydrophobic and hydrophilic
parts are irreversibly connected together by covalent bonds.
On the other hand a hierarchical self-assembly based on
the concept of supramolecular amphiphiles can be realized
by employing suitable noncovalent driving forces includ-
ing hydrogen bonding, host-guest recognition, electrostatic
forces, metal coordination, and -7 stacking interaction.
The reversible nature of noncovalent interactions allows a
dynamic switching of structure, morphology, and function
in response to various external stimuli, such as pH, stress,
temperature, and electromagnetic radiation [117-120]. For
example, the self-assembly nanostructures could disassemble
upon the activation of an external stimulus such as ultraviolet
(UV) electromagnetic radiation or pH, and this process can
be exploited for potential applications in the field of con-
trolled drug delivery. In this case, the effective final morphol-
ogy is governed by the structural features of the component
building block and by the balance between the hydrophobic-
hydrophilic segments of the supramolecular amphiphiles
[121, 122]. For example, fully supramolecular polyrotaxanes
(pseudopolyrotaxanes, PPR) consisting of «-cyclodextrin
rings and polyethylene glycol axes with end thymine groups
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have been synthesized for fluorescein (Fl) drug delivery
system and used as biphase drug delivery systems [123].
Release of the secondary drug delivery systems from the pri-
mary drug delivery system was controlled by stimuli factors
such as pH. Due to the high versatility of the noncovalent
supramolecular interactions between capping agents and
pseudopolyrotaxanes, those components represent promis-
ing systems to deliver therapeutic agents such as anticancer
drugs to target tissues.

One advantage of this strategy is the wide selection of
mono- or multifunctionalized building blocks (e.g., mono-
mer, hyperbranched polymer, and macrocycles) for supramo-
lecular copolymers and a variety of synthetic methods using
noncovalent interactions rather than chemical synthesis [121].
As reported in Figure 15, various noncovalent interactions
can be adopted as driving forces to construct supramolecular
amphiphiles.

Metal-organic coordination interaction can be employed
in construction of complex self-assembled amphiphiles
nanostructures. For example, a new type of Bola amphiphile
bearing bipyrimidine (bpym-8) has been designed and syn-
thesized by means of metal-ligand coordination interaction
[124]. The generated structures are able to coordinate with
metal ions and may provide a new approach in fabricating
reversibly tunable supramolecular nanomaterials [125].

The -7 stacking interactions, which involve direct attrac-
tion between aromatic rings (Figure 15(d)), have been impli-
cated widely in supramolecular chemistry including DNA
stabilization, drug intercalation, and protein structure and
have great potential applications in biotechnology and mate-
rial sciences. For example, supramolecular polymerization
involving the 77-7r stacking interaction of the hexa-peri-hexa-
benzocoronene (HBC) molecules, the smallest fragment of
graphene, has been employed in the self-assembly of hexa-
benzocoronene nanotubes [126]. Recently reduction-triggered
breakable polymeric spherical micelles incorporated with
methotrexate (MTX) were prepared using amphiphilic PAA-
g-PEG copolymers [127]. While, in normal conditions, most
of the incorporated MTX in the micelles core was stabilized
through the m-7r stacking with the phenyl groups in the
backbone of the copolymers, in reductive environments
(mimicking the intracellular compartments) the entire MTX
payload could be quickly released due to the reduction-
triggered breakage of the micelles. These micelles showed
good antiproliferative activity against several cancer cell lines,
including KB, 4T-1, and HepG2.

As previously stated electrostatic interaction plays a crucial
role in the self-assembly process involved in ionic amphiphi-
les. On the other hand, in supramolecular approaches the
electrostatic force is mainly involved in entanglement pro-
cesses of opposite charge functionalities at the surface of
nanoparticles. Recently a novel heterotopic nanoparticle
formed exploiting the electrostatic interaction between
anionic porphyrins TPPS entangled in cationic amphiphilic
cyclodextrins indicates the important role of charge and size
of the nanocarriers in the modulation of colloidal stability in
solution [76]. More specifically the investigated porphyrin/
CD nanoaggregates, which are able to photosensitize singlet
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FIGURE 15: Noncovalent interactions involved in the construction of supramolecular amphiphiles: (a) multiple hydrogen bonding, (b) host-
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FIGURE 16: Ionic and nonionic drugs interacting with ionic amphiphilic cyclodextrins. Heterotopic vesicles (a) and micelles (b) nanoparticle

formation during self-assembly.

oxygen production, appeared as an efficient system for deliv-
ering TPPS porphyrins into tumor cells and may be of poten-
tial interest for the development of agents for photodynamic
therapy of tumors. On the basis of terminal group elec-
trostatic interactions recently a supramolecular amphiphile
has been constructed between the terminal carboxyl groups
(—~COOH) of hydrophobic polylactic acid (PLA) and amino
groups (—-NH,) of modified CDs [128]. Due to the bio-
compatibility of the building blocks the generated micellar
structures in aqueous solution have been further explored as
nanocarrier of anticancer drugs. It is worth pointing out that
in most of the cases where the supramolecular self-assembly
processes are involving electrostatic forces the cooperative
charge effects may sensitively contribute with an enhance-
ment of the stability in solution to the generated heterotopic

colloid. In Figure 16 an illustrative example of possible
heterotopic nanoparticle formation from hydrophobic and
electrostatic interactions between ionic and nonionic drugs
entangled in ionic amphiphilic cyclodextrins is presented
[76].

Among the self-assembled hierarchical amphiphiles the
construction of supramolecular nanostructures based on
host-guest interaction provides a flexible platform for the dev-
elopment of smart nanomaterials and functional supramolec-
ular devices. Molecular recognition of a host-guest system
consists of a receptor molecule (host) interacting with a ligand
molecule (guest) through noncovalent interactions [121, 129].
Among the variety of synthetic organic macromolecules
used as molecular receptors to construct supramolecular
amphiphiles distinctive properties have been obtained by
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introducing macrocyclic hosts into the supramolecular sys-
tems such as cyclodextrins [76], crown ethers [130], cucurbi-
turils [131], and calixarenes [132]. Cyclodextrins (CDs) have
been extensively employed as highly performant receptors
for molecular recognition as well as versatile building blocks
to construct nanostructured functional materials. CDs have
attracted the researcher interest for their ability to estab-
lish noncovalent interactions with a large variety of guest
molecules that can fit into their cavity and form of inclusion
complexes. The major driving forces of the formation of CD
inclusion compounds are hydrophobic and van der Waals
interactions between the inner surface of the CD ring and
the hydrophobic sites on the guest. Based on the host-guest
interaction between -CD and azobenzene moieties recently
a star-like polymer S-cyclodextrin-poly(l-lactide) and a lin-
ear polymer, azobenzene-poly(ethylene glycol), could self-
assemble into a supramolecular amphiphilic copolymer (f3-
CD-PLLA@Azo-PEG) [129]. By tuning the ratio between the
hydrophilic/hydrophobic chains the corresponding linear-
star copolymer (supramolecular amphiphiles) further self-
assembled into a wide range of morphologies including
(sphere-like/carambola-like/naan-like) micelles, shuttle-like
lamellae, tube-like fiber, and random curled-up lamellae.

Combination of the dynamic/reversible nature of non-
covalent interactions with the new topological features and
multifunctionality of building blocks provides a versatile
strategy for preparation of nanostructured functional soft
materials. This respect is of paramount importance and
results in the ability to undergo dynamic switching of struc-
ture, morphology, and functions in response to various exter-
nal stimuli.

Stimuli-responsive supramolecular amphiphiles self-asse-
mblies have potential applications in a wide range of fields,
including memory storage, smart supramolecular polymers
nanodevices, and drug delivery systems [133, 134]. Among
numerous external stimuli, electromagnetic radiation (light)
is of special interest. For example, azobenzene, which has
two isomers (trans and cis), can be recognized by S-CD
reversibly upon light irradiation [134]. Due to its pho-
toinduced E/Z-isomerization, azobenzene has been widely
proved to be especially advantageous for inducing large struc-
tural (and molecular properties) changes in supramolecular
systems. Another interesting aspect regards the manipulation
of the aggregation/deaggregation processes by amphiphiles.
Recently the fluorescence modulation of tetraphenylethylene
and silole fluorophores by ionic amphiphiles has been utilized
to modulate the aggregation of aggregation-induced emission
(AIE) fluorophores in aqueous solutions and thus to tune their
fluorescence intensities [135]. This approach may enable novel
applications in chemosensors or biosensors based on aggre-
gation/deaggregation and inhibition of internal rotations of
AIE fluorophores (as tuned by ionic amphiphiles). This study
can stimulate also the construction of new assays for the
detection of certain biomolecules and new agents for targeted
bioimaging. Macrocycles also show ability to regulate the
surface activity amphiphiles. The macrocycle cucurbit[7]uril
(CBJ[7]) has been employed for tuning, in a controllable and
reversible fashion, the surface activity (amphiphilicity) of
Gemini surfactant by exploiting the host-guest interaction
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and the hindering effect of CB[7] [131]. In that case a sensitive
variation of surface tension, foamability, and wettability has
been obtained by preventing the two alkyl chains of the Gem-
ini amphiphile from getting close to each other by bounding
each of them with CB[7] macrocycle. Moreover, with the
addition of the 1-adamantanamine hydrochloride, a compet-
itive guest molecule having a stronger binding ability with
CB[7], the two alkyl chains are expelled from the cavity of
CB([7] and get closed again, with a consequent recovery of the
surface activity. In conclusion, it is worth pointing out how
the synchronization of multiple interactions in a synergistic
way yields to higher-order supramolecular architecture in a
manner similar to biological systems. For example, a series of
diamond-like supramolecular frameworks with mesoporous
cavities has been recently assembled into the hierarchical
complex structures, starting from metal-imidazolate coor-
dination cages and various anions. In these cases multiple
weak interactions, such as covalent bonds, dative bonds, and
CH-X hydrogen bonds (where X = O, F, and m), act as a
supportive interaction to direct the cooperative self-assembly
of large coordination cages into hierarchical mesoporous
architecture with high aspect ratio [136]. The generated
crystalline supramolecular framework of mesoporous cav-
ities is able to trap organic dye (or bioactive) molecules
and specific drugs. The employment of such self-assembly
strategies has recently provided a powerful platform for the
construction of advanced materials from large aggregates of
ordered mesoporous supramolecular structures [137-139].

11. Conclusion

The investigation of the amphiphiles self-assembly can be
considered a precursor of the development of the bottom-
up approaches in modern nanotechnology. In this tutorial
review we provide a fundamental description of amphiphile
assembly, followed by an application-oriented description of
advanced assembly of amphiphilic nanostructures. We point
out how effective segregation of hydrophilic and hydrophobic
regions represents the primary noncovalent driving force for
the formation of structures such as micelles, vesicles, bilayers,
microemulsions, and lyotropic liquid crystals. Design of
more complex structures can be obtained by introducing
structure directing interactions that influence, in a fascinating
way, the morphology of the final assemblies. Moreover the
incorporation of functional motives such as simple peptides
or carbohydrates has enormously increased during the last
few years, leading to the design of dedicated bioinspired
amphiphiles. In this respect a large variety of synthetic
systems are able to self-assemble in a highly ordered fashion
capable of mimicking biological activity thus playing an
important role in a variety of applications including drug
release systems, tissue engineering, and gene therapy. Self-
assembly of amphiphilic molecules, which has been the
subject of intense research activity for colloid, polymer, and
materials science for several years, continues to attract the
renewed interest of researchers involved in nanoscience,
combining simple processes of assembly with the more
advanced concept of supramolecular chemistry which is at
the heart of modern bottom-up nanotechnology.
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