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GENERAL INTRODUCTION

Gels are well-known materials of colloidal type in which the dis-
persion medium (phase) is in liquid state and the dispersed phase
(colloidal “particles”) is in solid state. The dispersed phase forms
a network throughout the whole gel sample and the liquid is, in
fact, entrapped in this mesh. In other words, the liquid swells the
solid matter. The entrapment of a liquid within a solid network is
the base of specific and unique properties of gels. Gels combine
the behavior of liquids and solids in a soft matter, which usually
retains its shape, but is relatively easily deformable. Specific behav-
ior of a particular gel sample is determined by the density of its
network or the density of crosslinks connecting the network. The
crosslinks provide the structure and physical integrity of the gel
network. Typically, gels can be characterized as viscoelastic solids
(and liquids in a broader sense). If the liquid part is water, the gel
is called hydrogel.

Gels in general are soft materials of significant interest for
applications in various areas of industry. Hydrogels, composed
usually of crosslinked chains of hydrophilic polymers, exhibit dis-
tinct property of good swelling capacity in aqueous media. If there
are no problems of biocompatibility, they can have widespread
applications in different fields related to human health, appear-
ance, or nutrition including pharmaceutical, bioengineering, food
industry, medicine, cosmetics, agriculture and horticulture, and
so on. Hydrogels, prepared both from synthetic polymers and
biopolymers, which are similar to biological tissues and compat-
ible with them have been important materials for drug delivery
and tissue engineering. Hydrogels are applied as soft contact
lenses, artificial implants, actuators, wound healing dressings, etc.
(Shukla et al., 2009). Specifically designed hydrogels capable of
a sensitive response to external stimuli such as pH, temperature,
ionic strength, magnetic field, electric field, ultraviolet light, and
internal stimuli-like chemical architecture, initiators conditions
enable them to deserve as potential candidates for biomaterial
applications (Shukla et al., 2009).

Hydrogels can be thus be viewed as elastic polymer networks
that absorb large amounts of water. Typical hydrogels are prepared
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by chemical or physical crosslinking of hydrophilic polymers, such
as polyacrylamide, poly(ethylene oxide), or poly(2-hydroxyethyl
methyl acrylate) (Hao and Weiss, 2011), or biopolymers such
as native or modified polysaccharides. Chemically, crosslinked
hydrogels are formed from covalent bonds, and thus, they have a
permanent shape, which resists to changes in temperature within
the range of hydrogel thermal stability. The shape can be deformed
by the application of stress and recovered when the stress is
removed or if the stress is low enough. Because of the irreversible
feature of a covalent bond, such hydrogels cannot be manufac-
tured into controlled shapes by melt processing methods such as
injection molding or compression molding, except for cases where
the covalent network is formed during that process.

Physical hydrogels have transient crosslinks formed by associa-
tions among polymeric chains bearing complementary functional
groups that exhibit, for example, electrostatic interactions, chain
entanglements, hydrophobic interactions, and hydrogen bonding
or produce crystallizing segments (Hao and Weiss, 2011). Because
of the reversible nature of non-covalent intermolecular interac-
tions upon temperature changes, the shape of physical hydrogels
can be reversibly changed (destroyed and renewed) by changes in
temperature and these gels can be melt processed into a desired
shape. Although physical hydrogels do not possess a permanent
(covalent) network structure, they do exhibit elasticity if the relax-
ation time of the network is much longer than the application
time of stress. That is, physical elastic networks can be achieved
when the stresses are either small, the temperature is sufficiently
low, or the stress application is of short duration (i.e., short time
or high frequency). Under such conditions, a physical gel may
be mechanically indistinguishable from a covalent gel, and the
network appears to be permanent. The reversible aspect of the
physical network structure provides unique properties, such as
viscous flow above a critical stress or time that allows the gel to be
injectable and improved mechanical toughness compared with a
covalent gel.

In general, three-dimensional network structure of (hydro)gels
is responsible for their mechanical properties and porous
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microstructure formed in this network provide permeability and
filtration effect.

With the advances of nanotechnology besides the traditional
macroscopic gels, macrogels, also micro-, and recently nanogels
(Yallapu et al., 2007) have been designed, synthetized, and stud-
ied. Microgel is a dispersion of discrete polymeric gel particles,
which are in the size range typically from 1 mm to 1 um. Simi-
larly, nanogels can be described as gel macromolecules in the size
range of tens to hundreds nanometers though various definitions
of nanogels have been given.

After this Section “General Introduction,” let us move to the
main topic of this tractate.

WHY HYDROPHOBIC DOMAINS IN HYDROGELS

This review is focused on hydrogels containing hydrophobic
domains or nanodomains, especially of the micellar type. Why
to combine hydrogels with something of opposite character and
properties? The answer can be simple — to modify, upgrade, or
tailor properties of hydrogels. The improved properties are usu-
ally dictated by hydrogel applications, many of them coming from
the fields of medicine and health-care. Let us review the main
application requirements in general and with selected reference
examples. The purpose is not to give an exhaustive overview
but to point to leading approaches and “hot topics” in this area
including their variability and to describe them rather thoroughly.
Hydrogels with micellar domains are hybrid colloidal materials of
specific properties, which deserve more attention and study, are
seen. For example, the research topic phrase “hydrogels incorpo-
rating micelles” returned in SciFinder database only about 20 hits
(in July 2014); similarly, the phrases “hydrogels and micelles” or
“hydrogels and micelles.” It is hoped that this review will encourage
more intensive research in this interesting material field.

Nature is a great inspiration and in the same time puts the
principal requirements. Biocompatible hydrogels are in dramat-
ically increasing demand that exhibit complex behavior, but are
nonetheless conceptually easy to prepare and to process, while
having accessible handles with which their mechanical and phys-
iological properties can be tailored (Guo et al., 2014). In general,
gels that are highly swollen by a liquid are very weak because they
do not have many intrinsic mechanisms to dissipate energy dur-
ing their deformation. While the frictional properties of hydrogels
may be desirable, many hydrogels suffer from low shear strength.
Many hydrogels lack the required mechanical properties to be
useful as articulating and weight bearing materials. To obtain a
hydrogel with a high degree of mechanical toughness, additional
dissipative mechanisms at the molecular level is needed. Proper
molecular design can impart hydrogels with a suite of attrac-
tive properties: improvements in tensile toughness, in strength
and resilience while saving the high water uptake, introduction
of dynamic physical (i.e., usually non-covalent) crosslinks to pro-
mote processability and self-healing, stimuli responsiveness, or
shape memory behavior.

Manipulating and controlling hydrogel structures at nanometer
level are very effective ways in the design of precisely defined three-
dimensional structures, which enable tailoring their mechani-
cal properties. The nanometric scaled structures with different
morphologies incorporated into the hydrogel contribute to the

control over the hydrogel mechanical and physical properties.
The development of hydrogel nanostructuring methods is still
challenging because the high water content excludes the use of
lithographic techniques. On the other hand, hydrogels nanos-
tructuring can be approached generally and relatively easily by
the self-assembly capability of hydrophobic moieties in aque-
ous environment. Domains formed by the self-assembly impart
hydrogels’ new properties not only from the mechanical but also
from the functional point of view as will be demonstrated in this
review.

The behavior of hydrogels with incorporated hydrophobic
(nano)domains resemble the behavior of semi-crystalline poly-
mers, which contain both crystalline regions and amorphous
regions (Thomas et al.,, 2009). Crystallinity is known to have
desired effect on the mechanical properties and solubility of poly-
mers. It can be proposed that the hydrophilic segments (resem-
bling amorphous regions) in such a hydrogel could provide the
water absorption, fluid flow, and lubricious properties needed
while the hydrophobic segments (playing the role of crystalline
regions) provide the strength, tear, and shear resistance. Proper-
ties may be varied based on the ratio of hydrophobic to hydrophilic
composition. The polymers must overcome the heat and entropy
factors associated with the crystalline or hydrophobic regions dur-
ing dissolution, the hydrophobized hydrogels are thus expected to
have excellent dissolution resistance in aqueous environment (e.g.,
in the body). On the other hand, it must be considered that the
creation of hydrophobic domains can normally result in a change
in the maximum hydration (swelling) as well as in the organization
of water molecules within hydrogel structure.

Micelles formed by surfactants at and above the critical micellar
concentration are well-known examples of the self-assembly due
to hydrophobic interactions in aqueous environment. Moreover,
not only low molecular surfactants but also properly structured
polymers (or modified biopolymers) may form micelles, called
polymeric micelles in this case. Nowadays generally, surfactant and
polymer systems play a more and more important role in mod-
ern drug delivery, where they may be used to control drug release
rate, enhance effective drug solubility, minimize drug degrada-
tion, reduce drug toxicity, or facilitate control of drug uptake
(Liu and Li, 2005). Moreover, the hydrophobic domains of sur-
factant micelles allow the solubilization of lipophilic substances.
The amphiphilic surfactant structure also provides a potential
in increasing the permeability of the drug through biological
membranes, resulting in an augmented intracellular drug concen-
tration. In fact, micellar solutions have been proposed as efficient
strategies for drug delivery a couple of decades ago. They are
able to modulate both the pharmacokinetics and the bioavail-
ability of the drug to result in an overall increase in the drug
therapeutic index. Similarly, the incorporation of micelles into
hydrogel is expected to result in changes not only of material
properties but also in molecular transport (diffusion) within a
hydrogel.

With the reference to the medical applications, stimuli-sensitive
(sometimes called “intelligent”) and injectable (in situ gelling)
hydrogels should be mentioned. The latters can be administered
into the body via a minimally invasive route, which is one of their
principal advantages. The injectable hydrogels are mostly based
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on self-assembled nanosized polymeric micelles. When injected
into the body using a syringe, sudden changes of surrounding
environments such as temperature, pH, and other biochemi-
cal signals alter their conformation and/or their non-covalent
interactions, resulting in a sol-to-gel phase transition at critical
conditions.

These general reasons for the incorporation of hydrophobic
(nano)domains into hydrogels will be now illustrated by a selec-
tion of published specific examples. Although the main focus is
on the micellar domains, related inspiring systems could also be
included.

Liu and Li (2005) used micelles in hydrogel for the purpose
of drug solubilization, immobilization, and protection. The drug
was camptothecin, which exhibits high anti-cancer activity against
a wide spectrum of human malignancies. Because it is practi-
cally water-insoluble, its full therapeutic potential had not been
achieved. Moreover, in vivo and in aqueous solutions buffered at
pH above seven it rapidly converts to the respective water-soluble,
pharmacologically less active carboxylate form. Camptothecin was
solubilized by means of an ionic surfactant, sodium dodecyl sulfate
(SDS), and the loaded micelles were mixed into agarose hydrogel.
This method not only helped to increase the solubility of the drug
butalso promoted a good and stable distribution of the drug mole-
cules in the hydrogel, which participated in the controlled released
function as well.

Juetal. (2013) solubilized paclitaxel, a well-known anti-cancer
agent with a poor water-solubility, in hydrophobically modified
chitosan capable of forming (polymeric) micelles. The loaded
micelles were dispersed in an interpenetrated hydrogel formed by
a hydrophilic linear triblock polymer and carboxymethyl chitosan,
specifically designed for the in situ cancer treatment. The triblock
polymer provided gelation at elevated temperature when applied
intratumorally. The carboxymethylated chitosan was chemically
crosslinked to generate a network preventing the fast erosion of
the triblock polymer gel. The gelation and structure are schemat-
ically shown in Figure 1. The micellar encapsulation reduced

the side-toxicity of the drug and the whole system demonstrated
prolonging the in vitro drug release to a large extent.

Wang et al. (2014) tried to develop a system for oral deliv-
ery of docetaxel, another anti-cancer agent. This system should
provide solution to two main tasks — to overcome the low water-
solubility of docetaxel and to target the drug to the intestinal
track. Docetaxel was encapsulated in polymeric micelles based
on amphiphilic block copolymer, which improved its solubility
and permeability. The loaded micelles were incorporated into pH-
sensitive hydrogel. The ideal oral delivery hydrogel should shrink
with drug entrapped in at low pH environment of stomach, and
swell to release drug at high pH environment of intestine. Doc-
etaxel micellar encapsulation should also prevent the identification
of docetaxel by proteins, which would cause its efflux and change
the transport channel of this drug in the gastrointestinal walls.

Yom-Tov et al. (2014) utilized the self-assembly capability of
block and graft copolymers driven by hydrophobic interactions
between the blocks for nanostructuring of hydrogels. One of
the main observed problems was the limited stability of micelles
formed in the hydrogels, mostly attributed to their diffusion out
of the hydrogels. A novel method for nanostructuring was there-
fore developed based on embedding micelles in a hydrogel while
anchoring some of their molecules to the surrounding network
through their endgroups. The anchored molecules should provide
ameans to further crosslink the hydrogel and stabilize the network.

Shukla et al. (2009) grafted hydrophobic moieties onto
hydrophilic polymer, which forms physical hydrogels. Grafted
nanohydrogel was produced, which structurally contained
hydrophobic nanodomains. The nanodomains enabled to con-
trol water sorption properties and alter physical properties of
the hydrogel. Similarly, Inoue et al. (1997) grafted a hydropho-
bic oligomer on a lightly crosslinked polyelectrolytic hydrogel.
The resulting hydrophobic domain structure was intended to be
applied as a bioadhesive hydrogel for controlled release of either
cationic drugs or hydrophobic drugs. The hydrophobic domains
were also supposed to strengthen and control the pore structure

Body temperature

PTX-M-P407/CMCS

P407

Below LCST

Solution

M__/\ Carboxymethyl chitosan

FIGURE 1 | Loaded polymeric micelles (PTX-M) are dispersed in a physical hydrogel formed by triblock copolymer (P407) at elevated temperature. The
hydrogel is then reinforced by chemical crosslinks of carboxymethyl chitosan with glutaraldehyde. Reprinted from Ju et al. (2013) with permission.

Body temperature

PTX-M

Glutaraldehyde

www.frontiersin.org

January 2015 | Volume 1 | Article 35 | 3


http://www.frontiersin.org
http://www.frontiersin.org/Colloidal_Materials_and_Interfaces/archive

Pekat

Hydrogels with micelles

within the hydrogel. Also Kim et al. (2014) grafted hydropho-
bic chains on the hydrophilic backbone of physically crosslinked
hydrogel. Micelles were formed from the hydrophobic grafts in
the resulting material, which were capable to solubilize a water-
insoluble macrophage recruitment agent. The whole system was
designed for biomaterial scaffolds, which could provide a suitable
environment for cell-based bone regeneration.

Tedeschi et al. (2006) incorporated cationic surfactant micelles
(decyltrimethylammonium bromide) into physical poly(vinyl
alcohol) hydrogels prepared by the well-known freeze/thaw
method. These hydrogels are known for their ability to include
inside their porous network variety of water-soluble molecules.
This study was aimed at the analysis of the behavior of surfac-
tant molecules in the hydrogel pore matrix and at the study of
diffusion of micelles within the hydrogel. The latter is important
to understand the dynamics of guest molecules within hydrogels
containing micelles especially in relation to their potential use as
molecular carriers.

Bromberg (2005) gives an overview of intelligent hydrogels
for the oral delivery of (hydrophobic) anti-cancer drugs. Micellar
domains within such hydrogels serve to solubilize the hydropho-
bic agents and participate in their protection during transport
within the gastrointestinal tract and in their controlled release.
The micelles are of polymeric types and formed by Pluronics,
which are a part of gelling copolymer.

Guo et al. (2014) aimed at the improvement of mechanical
properties of hydrogels for biomaterial applications, particularly
their weakness and brittleness, while retaining their processability.
This was achieved by including strong, yet reversible interactions
within segregated nanoscopic domains. A multiblock copoly-
mer based on hydrophilic polymer was complemented by urei-
dopyrimidinone (UPy) moieties contained within the polymeric
backbone. These self-complementary units were encapsulated
within hydrophobic domains and assembled into strong dimers
by fourfold hydrogen bonding, acting to reinforce networks, while
the non-covalent nature promoted processability, in contrast to
chemical crosslinks in conventional thermosets.

The work by Thomas et al. (2009) was motivated by the design
of synthetic replacement for cartilage lost due to osteoarthritis.
While hydrogels had shown promise for this application, many
of them lacked the required mechanical properties. In this work,
hydrogel-forming polymer was blended with a hydrophobic poly-
meric partner by a mechanical mixing. The hydrophobic regions
formed by the hydrophobic component were believed to act as
crystalline domains in semi-crystalline polymers with a positive
effect on the mechanical properties but without negative effects
on the coefficient of friction.

Injectable hydrogels are mostly based on self-assembled
micelles composed of amphiphilic block copolymers. Upon injec-
tion of the initial sol, sudden changes of surrounding environment
induce its gelation. Pluronic copolymers are example of such
materials. Their sol-gel transition is induced by the changes in
temperature leading to the self-association of these copolymers
into spherical micelles. Above the transition temperature, which is
around the body temperature, the spherical micelles are closely
packed together, resulting in the physically crosslinked hydro-
gels. Several shortcomings including low mechanical strength, fast

dissolution, and rapid drug release under physiological conditions
limited their biomedical applications. Chemical crosslinking is one
approach to overcome them. To avoid side-effects due to the use
of toxic crosslinking agents, Lee et al. (2011) used a bio-inspired,
enzyme-mediated crosslinking of functionalized Pluronic micelles
for fabricating high-strength injectable hydrogels.

Missirlis et al. (2005) primarily used Pluronic micelles as a solu-
bilization medium for hydrophobic drugs with a prolonged circu-
lation time. They tried to overcome the drawbacks of using these
micelles directly (e.g., premature renal excretion or low stability
upon dilution in the blood stream) by bridging between micelles to
form macromolecular nanogels. This goal was achieved by inverse
emulsion photochemical copolymerization with functionalized
poly(ethylene glycol) (PEG). Hydrophobic nanodomains within
the particles remained after copolymerization and were capable of
absorbing large amounts of hydrophobic drugs.

In the work by Hao and Weiss (2011), strong hydrophobic
interactions were used to physically crosslink acryl amide-based
hydrogels in the swelled state. An acrylic monomer was copoly-
merized with a fluoroacrylate as the hydrophobic component. The
hydrophobic associations of fluorocarbon hydrophobes in water
medium created nanodomains that served as multifunctional
physical crosslinks (see Figure 2). High stress or slow deforma-
tion could be used to achieve viscous flow, but gelation occurred
when the stress was removed. These properties, resulting from the
dynamic equilibrium nature of the hydrophobic associations, are
attractive for injectable hydrogel materials. Moreover, fluorocar-
bon groups possess excellent chemical and biological inertness,
good thermal stability, high fluidity, and low surface energy, which
are useful for biomedical applications.

In the area of tissue engineering, an ideal scaffold should be able
to provide a well-defined microenvironment to promote cell adhe-
sion, proliferation, and differentiation with biodegradability and
good biocompatibility. Fabrication of three-dimensional scaffold
that can physically support cell infiltration and biologically direct

core-shell FOSA
nanodomains

water
PDMA chains

FIGURE 2 | Hydrogel made from a copolymer of dimethyl acrylamide
(PDMA) and fluorinated acrylate (FOSA), which forms micelles by
strong hydrophobic associations. The micelles also serve as physical
crosslinks of the hydrogel. Reprinted from Hao and Weiss (2011) with
permission.
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cell behavior remains a challenge. Physical incorporation of poly-
meric micelles into hydrogels was used to tune the storage mod-
ulus, thereby influencing cell behavior in the hydrogel. Li et al.
(2012) improved this approach by covalently incorporating nano-
sized polymeric micelles self-assembled from an amphiphilic block
copolymer with crosslinkable functional groups into hydrogel
networks.

Frisman et al. (2012) introduced micellar nanostructuring into
hydrogels intended as scaffolds for the use in tissue engineering.
The nanostructuring should promote cell-matrix interactions and
thus provide the ability to control cellular fate and tissue morpho-
genesis. Scaffold nanostructures guiding cell-matrix interactions
mimic environment that is familiar to cells from their native
extracellular matrix.

Autonomous damage repair and resulting self-healing in hydro-
gels require reversible breakable bonds, which prevent the frac-
ture of the molecular backbone. Consequently, self-healing of
permanently crosslinked hydrogels is a challenging task because
of the irreversible nature of chemical crosslinks. Tuncaboylu
et al. (2013) developed self-healing hydrogels by the creation
of strong hydrophobic interactions between hydrophilic poly-
mers. Hydrophobe monomer was copolymerized with hydrophilic
monomer via micellar polymerization technique in aqueous sur-
factant solution. Incorporation of hydrophobic sequences within
the hydrophilic chains generated strong hydrophobic interactions,
which prevented dissolution of the physical gels in water, while the
dynamic nature of the junction zones provided homogeneity and
self-healing properties.

At the end of this section, let us summarize the reasons for
incorporating the hydrophobic (micellar) domains into hydrogels.
These domains can

physically crosslink hydrogels and, when supplied with suit-
able functional groups, can further serve as structured chemical
crosslinks;

+ be used for the structuring of hydrogels, which is closely
related to;

controlling (improving, tailoring) of mechanical properties of
hydrogels;

solubilize hydrophobic, usually biologically active, substances,
participate on their stabilization, protection, and controlled
release;

« impart the self-healing and stimuli-responsive properties to
hydrogels.

Moreover, when traditional surfactants are used in hydrogel
preparation technology, the general benefits of applying surfac-
tants can be explored like reducing the surface tension, increasing
the conductivity, stabilizing the bubble formation, or improving
the hydrogel or fiber uniformity.

CLASSIFICATION OF HYDROGELS WITH MICELLAR
HYDROPHOBIC (NANO)DOMAINS

As follows from the published examples reviewed in the preceding
section, three basic types of hydrogels containing micelles, which
form hydrophobic domains or nanodomains can be identified. Of
course, materials represented by a combination of the basic types
cannot be excluded.

1. Hydrogels with dispersed micelles. They are formed by a sim-
ple mixture of micelles and hydrogel matrix. As examples, the
systems reported by Liu and Li (2005), Tedeschi et al. (2006),
Mangiapia et al. (2007), Stoppel et al. (2011), Frisman et al.
(2012), Juetal. (2013), or Wang et al. (2014) can be given.

2. Hydrogels with integrated micelles. These may be further
divided in two subtypes:

a) at least some of dispersed micelles are anchored to the
hydrogel network as, for example, in the work by Yom-Tov
etal. (2014);

b) micelles (domains) are formed by hydrophobic segments
(usually blocks or grafts) located directly on the gel-forming
precursor(s), for example, see in references Shukla et al.
(2009), Inoue et al. (1997), Kim et al. (2014), Bromberg
(2005), Guo et al. (2014), or Thomas et al. (2009).

3. Hydrogels with micellar crosslinks. Micelles (hydrophobic
domains in general) form directly either physical or chem-
ical crosslinks of the hydrogel network. Such materials are
described, e.g., by Lee et al. (2011), Missirlis et al. (2005), Hao
and Weiss (2011), Li et al. (2012), or Tuncaboylu et al. (2013).
Here belong also physical hydrogels formed by mixing poly-
electrolytes with oppositely charged surfactants under proper
ratio and conditions. Surprisingly, these materials almost have
not been studied and explored; currently, they are subject of
intensive investigation in our laboratory.

PREPARATION

Various procedures enabling to prepare hydrogels with hydropho-
bic domains are illustrated in this section by selected examples. In
order to give a reader a good idea on their practical realizations,
they will be reviewed with adequate details. The order follows the
typology introduced in the preceding section.

The preparation used by Liu and Li (2005) was motivated by the
solubilization and protection of camptothecin or its derivatives,
anti-cancer agents against a wide spectrum of human malignan-
cies. These substances are practically insoluble in water and in vivo
or in aqueous solutions buffered at pH above 7, they rapidly
convert to the respective water-soluble, pharmacologically less
active carboxylate form. First, a homogeneous aqueous solution
of camptothecin in micellar surfactant solution of an ionic sur-
factant, SDS, was prepared. Then, a weighed amount of agarose
was added to the solution of camptothecin and surfactant and
the mixture was slowly heated to around 90°C until an optically
clear solution was obtained. The resultant solution was poured
into a flat mold of about 1 mm in thickness, which was kept in
an oven at 90°C before use. The warm polymer-surfactant-drug
solution in the mold was allowed to cool down naturally at room
temperature to form a sheet hydrogel. The experimental proce-
dure and the expected structures are illustrated in Figure 3. For
comparison, saturated camptothecin solutions in surfactant solu-
tions below the critical micellar concentration were prepared and
incorporated into hydrogels.

Poly(vinyl alcohol) hydrogel was prepared by Tedeschi et al.
(2006) through the standard freeze/thaw procedure from an
aqueous polymer solution (averaged M,, of about 115,000, degree
of hydrolysis of 98-99%, and concentration of 11% w/w). The
polymer was dissolved at elevated temperature, slowly cooled
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FIGURE 3 | Loading surfactant (SDS) micelles with camptothecin
(CPT), the drug (D), and their dispergation in agarose hydrogel.
Reprinted from Liu and Li (2005) with permission.

to room temperature, and left overnight at this temperature to
enable the escape of air bubbles. The solution was then poured
between glass slides with 1 mm spacers and subjected to three
repeated freeze/thaw cycles —22°C/25°C, respectively. Dried gels
were rehydrated for 24 h at 25°C by a large excess of surfactant
aqueous solution at concentrations ranging between 0.006 and
0.276 molkg™! (the critical micellar concentration in water of
the used surfactant was 0.060 mol kg™!). Very similar system was
described also in the study by Mangiapia et al. (2007).

Stoppel et al. (2011) incorporated Pluronic F68 micelles in an
alginate hydrogel. Sodium alginate solutions were prepared at 1%
(w/v) with the addition of 0.1% glucose and HEPES buffer and
stirred for 24 h at room temperature. Pluronic F68 was added to
the alginate solution and stirred for an additional 24 h at room
temperature. Two common methods were used to crosslink algi-
nate: (1) an inhomogeneous or external method, using CaCl,
or BaCly, (2) a homogeneous or internal method, which uti-
lizes in situ release of calcium ions from pH-sensitive CaEDTA
decomposition. In both methods, the Pluronic-containing algi-
nate solutions were used. The external method was realized by
placing the alginate solution into 10 mm dialysis tubing with a
molecular weight cut-off of 3-5 kDa (the viscosity-averaged mol-
ecular weight of used alginate was declared as about 240 kmol/g)
and submerged in either calcium (1 mol/l) or barium (0.5 mol/l)
chloride with a specified Pluronic F68 concentration for 48 h. The
obtained cylindrical hydrogels were freeze-dried. In the internal
gelation technique, the alginate solution was mixed with CaEDTA
(50 mmol/1) and glucono-3-lactone (50 mmol/l) solution and after

12 h of initial crosslinking, hydrogels were immersed in calcium
chloride (100 mmol/l) solution containing the same concentra-
tion of surfactant (to prevent surfactant leaching) in a humidified
chamber (humidity 90% at least) at 25°C for an additional 48 h.

Frisman et al. (2012) prepared a biosynthetic hydrogel scaf-
fold from crosslinked PEG—fibrinogen conjugates modified with
the block copolymer Pluronic F127. Pluronic self-assembly into
micelles created the desired nanostructures within the hydrogel.
PEG-modified fibrinogen with acrylate end groups was used as
hydrogel precursor and its solution was thoroughly mixed with
Pluronic F127 at 4°C. After equilibration (to ensure micelle for-
mation), the mixture was combined with a photoinitiator solution,
equilibrated in a water bath at 37°C, and finally irradiated by UV
light (365 nm) to induce crosslinking of the acrylate end groups
on the pendant PEG chains.

Juetal. (2013) upgraded the technique for the solubilization of
hydrophobic drugs (paclitaxel in their case) in polymeric micelles
formed by Poloxamer 407, which itself also forms hydrogel. Pacli-
taxel was dissolved in micelles of N-octyl-O-sulfate chitosan,
the loaded micelles were dispersed in Poloxamer 407 gels, inter-
penetrated by a network formed by crosslinking carboxymethyl
chitosan with glutaraldehyde. Paclitaxel was solubilized in the
micelles by dropping its solution in dehydrated ethanol into the
aqueous solution of N-octyl-O-sulfate chitosan (no characteris-
tics given in the original reference) under constant stirring. The
resulting mixture was dialyzed against deionized water overnight,
filtered through a 450 nm membrane, and freeze-dried. To prepare
micelles-containing hydrogel, first solutions of carboxymethyl chi-
tosan (concentration 1.5%, w/v; no characteristics given in the
original reference except the carboxylation degree of 45%) and
paclitaxel-loaded micelles (4 mg/ml) were mixed and the mixture
used to dissolve Poloxamer 407 (M,, = 12600 g/mol, concentration
probably 19%, w/v). Finally, glutaraldehyde was added (0.05% in
final concentration, w/v) under intense agitation. Gelation was
achieved after an incubation at 37°C for 30 min.

Wang et al. (2014) used polymeric micelles formed by triblock
copolymer poly(3-caprolactone)-PEG-poly(e-caprolactone) syn-
thesized by ring-opening polymerization of e-caprolactone ini-
tiated by PEG of molecular weight (M,) about 2000 g/mol.
The final copolymer molar weight was around 3700 g/mol. This
amphiphilic, micelles-forming copolymer was used to solubilize
docetaxel by thin-film hydration method. Docetaxel and copoly-
mer were co-dissolved in dehydrated ethanol, the solvent was
evaporated under reduced pressure and elevated temperature
(60°C). Resulting thin layer of homogenous film was hydrated
with water under mild stirring. During the process, copolymer
could self-assemble into micelles in which docetaxel was encapsu-
lated. Finally, the suspension was filtered through a syringe filter
with pore size of 220 nm. As a hydrogel, methoxyl PEG-poly(e-
caprolactone)-acryloyl chloride copolymer was used because it
possesses the desired and tunable pH-responsive properties. The
hydrogel copolymer was prepared by ring-opening polymerization
initiated by PEG methyl ether (M,, = 2000 g/mol) and substitution
reaction of acryloyl chloride. The molecular weight of resulting
copolymer was about 3000 g/mol. The docetaxel-loaded micelles
were incorporated in the hydrogel by water absorption. In fact,
the hydrogel matrix was swelled with the micellar solution. A
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certain volume of docetaxel-loaded micelles solution was com-
pletely absorbed in hydrogel owing to the swelling capability of
hydrogel. Then the mixture was freeze-dried to obtain the stable
docetaxel-micelle-hydrogel system.

Yom-Tov et al. (2014) combined simple embedding of micelles
with anchoring some of them to the surrounding hydrogel net-
work. To achieve this goal, part of surfactant monomer molecules
were functionalized to create endgroups, which would react with
the network. Pluronic F127 was used as a surfactant in pure and
diacrylated form. Acrylation was carried by reacting the surfactant
with excess (relative to the hydroxyl groups) acryloyl chloride and
triethylamine. Mixture of pure and acrylated surfactants at desired
ratio was mixed with hydrogel precursor solution at low temper-
ature (4°C) until complete dissolution and then a photoinitiator
was added. The resulting solution was heated to induce the for-
mation of micelles (37°C) and then irradiated with UV light to
achieve chemically crosslinked material. The total concentration
of Pluronics was kept constant at 10% (w/v). The hydrogel pre-
cursor solution used in this work was a diacrylated polyethylene
glycol-protein (fibrinogen) mixture.

Shukla et al. (2009) prepared hydrogel containing nanosized
domains (20-35nm) of hydrophobic moieties of poly(methyl
methacrylate) by grafting crosslinked poly(acrylic acid-co-
methyl methacrylate) chains onto polyvinyl alcohol backbone
using an efficient redox system. Typically, polyvinyl alcohol,
acrylic acid, methyl methacrylate, and water were mixed in a
round-bottom flask and homogenized by mechanical mixing.
After nitrogen purge at elevated temperature (35°C), N,N’-
methylenebis(acrylamide), potassium persulfate, and potassium
metabisulfite were added and the mixture was poured into a Petri
dish, covered, and kept at 35°C for 72 h to complete gelation.

Inoue et al. (1997) described preparation of hydrophobically
modified pH-sensitive hydrogels based on hydrophobic oligomers
grafted to a polyelectrolyte hydrogel matrix. Poly(acrylic acid) was
used as the bioadhesive polyelectrolyte, oligo(methyl methacry-
late) as the hydrophobic component. The grafted hydrogel was pre-
pared by coupling the amino-terminated oligo(methyl methacry-
late) onto the poly(acrylic acid) hydrogel backbone through the
reaction of the amino group with an activated carboxyl group
in the poly(acrylic acid) hydrogel using dicyclohexyl carbodi-
imide as an activation reagent. The amino-terminated methyl
methacrylate oligomer was prepared by free-radical polymeriza-
tion of methyl methacrylate using 2,2’-butyronitrile as an initiator
and 2-amino ethanethiol hydrochloride as a chain transfer agent,
respectively. The lightly crosslinked poly(acrylic acid) hydrogel
was pre-synthesized by the copolymerization (in aqueous solu-
tion) of acrylic acid with added ethylene glycol dimethacrylate as
a crosslinking agent (0.5 w/w% to the monomer) and ammonium
persulfate as an initiator. The dried poly(acrylic acid) hydro-
gel was added with the DMF solution of the amino-terminated
oligo(methyl methacrylate) and shaken for 24 h. Then, excess solu-
tion was removed and a DMF solution of dicyclohexyl carbodi-
imide was added. The reaction was completed after 24 h at room
temperature giving the final graft level from 10 to 50% (w/w).

In the work by Kim et al. (2014), the non-water-soluble
macrophage recruiting agent was solubilized in water through
micelles formation with r-lactic acid-oligomer grafted gelatin,

and the resulting micelles with platelet-rich plasma were incor-
porated into gelatin hydrogels. First, the r-lactic acid oligomer
with a number—average molecular weight of 1000 g/mol was syn-
thesized by ring-opening reaction. The oligomer was grafted on
gelatin (of isoelectric point equal to 5) through its amino groups
in the average final ratio of about 3 moles/1 mole of gelatin.
The macrophage recruiting agent was solubilized in the micelles
formed by the grafted gelatin by simple mixing corresponding
solutions in DMSO followed by 3 h of stirring; the solubilization
was completed by dialysis, centrifugation of undissolved agent, and
freeze-drying of final product. The micelles with the solubilized
agent were incorporated in gelatin hydrogels by simply mixing a
gelatin solution (5% by weight) with the pre-prepared micelles.
The mixture was cast in molds, freeze-dried, and the hydrogel was
then crosslinked by dehydrothermal treatment at 140°C for 48 h
in a vacuum oven. The gelatin hydrogel incorporating the micelles
was then impregnated with a solution of the platelet-rich plasma.

Bromberg et al. (2002) prepared Pluronic-poly(acrylic acid)
copolymers and crosslinked them by ethylene glycol dimethacry-
late to the form of microgel particles. Acrylic acid was partially
neutralized in sodium hydroxide solution, Pluronic was dissolved
in the resulting solution under nitrogen, and a desired amount of
ethylene glycol dimethacrylate was added. Lauroyl peroxide and
4,4’ -azobis(4-cyanovaleric acid) dissolved in acrylic acid were then
added. The resulting solution was deaerated by nitrogen bubbling
and mixed with dodecane containing a dispersion stabilizer. The
reaction was run under vigorous stirring at 70°C under nitrogen
purge for several hours.

The multisegmented amphiphilic copolymers were prepared
by Guo et al. (2014) in a step-growth manner by reacting amino-
telechelic PEG with diisocyanate functionalized UPy unit. The
aminated PEG was synthesized from imidazole-telechelic precur-
sor, which had been prepared by reaction of telechelic hydroxy-
terminated PEG (M,, = 10 kg/mol) with 1,1-carbonyldiimidazole.
The amine-terminated PEG contained Cj;Hys spacer and
was prepared by reacting the imidazole precursor with 1,12-
dodecyldiamine. The Upy-containing diisocyanate was made from
the hydroxyl-functionalized uracil and 1,6-diisocyanatohexane in
the presence of pyridine. The basic unit of the final chain-extended
copolymers was of the structure [-PEG,-Ci,Hj4-urea-CsHiz-
UPy-CgH,-urea-Ci2Hys-], i.e., had a total of 36 methylene
groups per macromolecular repeating unit).

Thomas et al. (2009) produced miscible blends of poly-
mers, which contained hydrophilic and hydrophobic groups.
Poly(vinyl alcohol) with an average molecular weight of 124—
186 kDa (99% hydrolyzed) or poly(vinyl pyrrolidone) (no other
specification except the trade name Plasdone K-90) were used as
hydrophilic components, while ethylene units in poly(ethylene-
co-vinyl alcohol) based its use as the hydrophobic component.
A melt processable miscible blend was created of the polymers
utilizing DMSO/water mixtures (80/20 or 90/10) between 80 and
160°C. Mechanical mixing was required at concentrations >30
wt% polymer. Mixing was performed utilizing a twin-screw mix-
ing apparatus followed by extrusion through a small die to form a
lyogel (a lyogel is a polymeric gel in which the continuous phase is
a solvent other than water.) Poly(vinyl alcohol) (non-blended)
was processed using the same method and tested as a control
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material. After processing, all materials were immersed in reagent
grade alcohol for a minimum of 20 min followed by immersion
in water. During this solvent-exchange process, the hydropho-
bic/hydrophilic blended materials turned from a transparent to an
opaque, flexible hydrogel as the hydrophobic domains formed. All
pure poly(vinyl alcohol) samples remained transparent after this
treatment. Samples remained in deionized water for a minimum
of 72 h to equilibrate prior to testing.

Lee etal. (2011) induced the enzyme-mediated crosslinking of
Pluronic micelles for fabricating high-strength injectable hydro-
gels. To this end, Pluronic copolymers were end-terminated with
tyramine. The tyramine units should be exposed on the surface of
Pluronic micelles and can be enzymatically oxidized by tyrosinase
giving a crosslinked material. First, Pluronic F127 was transformed
to amine-reactive form by a reaction with p-nitrophenyl chlo-
roformate with resulting substitution degree (of end hydroxyl
groups) approaching 100%. The modified Pluronic was then
reacted with tyramine giving the final substitution also close to
100%. The Pluronic—tyramine conjugate was crosslinked at room
temperature by the action of tyrosinase for 48 h.

Pluronic-based chemically cross-linked nanoparticles were
developed in Missirlis et al. (2005), which should provide stability
toward dilution and drying. They employed photoinitiated poly-
merization of acrylates as a mean to cross-link aqueous solutions
of Pluronic derivatives. Pluronic F127 diacrylate was synthesized
by a reaction with acryloyl chloride as described by Cellesi et al.
(2002) with 100% conversion of alcohols to acrylates. Hydrogels
were prepared either in the form of nanoparticles or as disks. The
nanoparticles were synthesized by inverse emulsion photopoly-
merization. The oil phase for the emulsion preparation was formed
by n-hexane with Span 65 surfactant (2% by weight). The aque-
ous phase contained diacrylated Pluronic F127, PEG diacrylate
(average M,, = 575), both in concentration of 6.75% by weight, tri-
ethanolamine (2% by weight), and eosin Y (0.02% by weight). Oil-
to-water weight ratio was 65/35 and the emulsion was prepared

by short sonication. Polymerization occurred under the illumi-
nation by laser light of 480-520 nm wavelengths for 1 h. Similar
procedure, but without the oil phase, was used to prepare hydro-
gel disks — the aqueous solution of precursors was placed between
two glass slides, illuminated for 30 min, and the disks were finally
exposed to water until equilibrium swelling was reached (24 h, at
least).

Materials described by Hao and Weiss (2011) are physi-
cally crosslinked copolymer hydrogels synthesized from N,N-
dimethylacrylamide and 2-(N-ethylperfluorooctane sulfon-
amido) ethyl acrylate (FOSA). Aggregation of the fluorocar-
bon hydrophobe moieties produces a physically crosslinked
microstructure of core-shell nanodomains, which are composed
of an FOSA core surrounded by a water-depleted shell of dimethy-
lacrylamide. The water-poor shell of the dimethylacrylamide pre-
sumably comprises the chain segments attached to the FOSA
repeat units that have restricted mobility due to the cova-
lent attachment to the FOSA aggregates. These core-shell nan-
odomains constitute the crosslink junctions in the physical hydro-
gel that is essentially water-swollen poly(dimethylacrylamide).
The copolymer of dimethylacrylamide and FOSA was synthe-
sized by free-radical polymerization of the monomers in dioxane.
The resulting molecular weight (M,,) ranged between 50 and
80 kmol/g (with polydispersity between 1.5 and 1.9). The hydrogel
samples were prepared by compression-molding dry copolymer
films at 150-180°C under vacuum and then immersing the films
in deionized water for 7 days to ensure equilibrium hydration.

Lietal. (2012) reported on biodegradable micelles-containing
PEG hydrogels synthesized via Michael addition chemistry. For
schematic representation of hydrogel synthesis and structure, see
Figure 4. The basic polymeric unit of the hydrogel was formed
by the four-arm acrylated pol(yethylene glycol) (tetraacrylated
PEG), whereas micelles were formed from PEG-polycarbonate
diblock copolymer end-capped with vinyl sulfone group (on the
PEG block). Due to the scaffold application, also the RGD peptide

®

AC o 7 .
A/AC L3
+ SNVEREAA,

AC o kB
AC & 4 Vs

Four-arm acrylate-PEG VS-PEG-PC Micelle

~C "L,gﬁpu AG AC~

RGD peptide

AC

Four-arm thiol-PEG

vinyl sulfone. Reprinted from Li et al. (2012) with permission.

SH
SH ) &
+ r Y‘ o
SH hMSCs
SH

FIGURE 4 | Synthesis of hydrogel with micellar crosslinks and a peptidic structure to bind human mesenchymal stem cells (hMSCs); VS stands for
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was chemically built into the hydrogel network as a cell adhe-
sion enhancer. The tetra acrylate-terminated PEG was dissolved
in buffer and to this solution, the pre-prepared micellar solu-
tion of the vinyl sulfone terminated PEG-polycarbonate in the
same buffer was added followed by the addition of peptide solu-
tion. The mixture was incubated at 37°C and then added with
the buffered solution of tetra-thiolated PEG crosslinker (four-arm
tetra sulthydryl PEG). The reaction mixture was kept at this tem-
perature and the hydrogel formed quickly. Cells in the growth
medium (human mesenchymal stem cells) could be added to the
gel precursors before the addition of the thiolated crosslinker
and thus encapsulated in the hydrogel. Alternatively, a bolaam-
phiphile/DNA complex as a gene transfection vector could be
mixed with the cell suspension and then added to the gel pre-
cursors before the addition of the crosslinker. In this way, the
effects on gene expression efficiency could be studied directly in
the hydrogel matrix.

Tuncaboylu et al. (2013) copolymerized large hydrophobes
such as stearyl methacrylate with the hydrophilic monomer acry-
lamide in aqueous SDS surfactant solutions. The reaction medium
was prepared as a solution of NaCl at the concentration of
0.5 mol/l. The salt led to micellar growth, and hence, solubilization
of large hydrophobes within the grown worm-like SDS micelles.
A series of hybrid hydrogels was prepared using stearyl methacry-
late (2% molar) as a physical crosslinker and various amounts
of N,N’-methylenebis(acrylamide) as a chemical crosslinker. The
reaction mixture contained SDS at the concentration of 0.24 mol/l,
i.e., more than 30 times higher than its critical micellar concen-
tration in water (in the used salt solution, the critical micellar
concentration would be about one order of magnitude yet lower).
The total concentration of stearyl methacrylate and acrylamide
monomers was fixed at 10% (w/v). Specifically, surfactant was dis-
solved in NaCl solution at elevated temperature (35°C) and then
stearyl methacrylate was solubilized in this solution. Acrylamide
and bis(acrylamide) were added and after their dissolution, the
redox initiator system was added. The micellar copolymerization
ran at 25°C for 24 h.

PROPERTIES

In this section, concrete examples of the benefits coming from the
incorporation of hydrophobic domains into hydrogels are given.
The examples correspond to works referred in preceding sections
and thus complete this review.

Liu and Li (2005) confirmed that solubilization of camp-
tothecin in surfactant micelles dispersed in agarose hydrogel
greatly affected the release behavior of drug molecules. The release
of camptothecin was slowed down significantly with increasing
surfactant concentration as a result of lowered drug diffusion
coefficient. The drug diffusion coefficient could be approximately
expressed as an exponential function of surfactant concentration.
The authors separated the effects of drug in the aqueous and micel-
lar phases on its diffusion coefficient. At lower surfactant concen-
trations (up to about twice its critical micellar concentration in
pure water), the free drug molecules showed a great influence on
diffusion coefficient. With the concentration of surfactant increas-
ing, this effect decreased sharply due to the solubilization of drug
molecules into micelles. The influence of the micellarly solubilized

drug on its diffusion became prominent particularly at surfactant
concentration about three times higher than its critical micellar
concentration in pure water. The diffusion coefficient of micelles
might be lowered as the amounts of micelles in the system increase,
due to the increased friction in crowded environment or due to
other possible interaction between micelles. The notable influ-
ence of temperature on the release was also observed and was
even stronger than that in the case when no surfactant was used.
The release was significantly accelerated increasing the temper-
ature from 23 to 37°C; at higher temperature, its effect became
negligible.

Results published by Tedeschi et al. (2006) on physical
poly(vinyl alcohol) hydrogels with incorporated micelles showed
that surfactant micellization was almost unperturbed regardless
the confinement of its molecules within the hydrogel network.
No direct surfactant—polymer interactions were detected. Thus,
the hydrogel maximum swelling was not affected by addition of
surfactant and was also independent of surfactant concentration.
Surfactant concentrations measured in the hydrogel samples were
equal to that in the surfactant aqueous solution used to rehydrate
the gels — no surfactant preference for the hydrogel matrix was
found. The critical micellar concentration was found to slightly
decrease in the polymer solution and it decreased even more in
hydrogel. This finding was attributed to the increased surfactant
effective concentration in the limited space created by the excluded
volume of the polymer. EPR spin probe and small-angle neu-
tron scattering techniques showed that the micelles formed within
the pores of the hydrogel matrix possess the same properties as
micelles formed in bulk water. NMR diffusion study revealed that
diffusion of micelles in hydrogels is much slower in comparison
to bulk water. Because no surfactant—hydrogel interactions were
found, this was explained by the effect of the intrinsic structural
features of hydrogels in which the pores available for the diffusion
are filled by the polymer-rich phase.

From the point of view of possible applications, this work
confirmed that micelle-containing hydrogels have a complex mul-
tidomain structure, which is able to host both hydrophilic and
hydrophobic molecules. Diffusion of the guest molecules from
such carrier matrix is quite slow. Such systems can be thus
promising candidates for the design of new systems for controlled
release and/or adsorption of various guest molecules. Very similar
results on the surfactant role in poly(vinyl alcohol) hydrogels were
reported in the study by Mangiapia et al. (2007). The main aim
of this work was detailed structural study of pure hydrogels by
small (SANS) and ultrasmall (USANS) angle neutron scattering
techniques. Some hydrogel samples were rehydrated using surfac-
tant solution as in the work by Tedeschi et al. (2006) but in this
case anionic sodium decylsulfate was used. The authors reported
on the lack of any detectable interaction between the polymer
chains and surfactant micelles. Also, the characteristics of micelles
like the structural parameters, size, aggregation number, and actual
charge were not affected by the presence of the poly(vinyl alcohol).
Thus, the behavior of surfactant micelles within the poly(vinyl
alcohol) hydrogels prepared by the freeze/thaw technique seems
to be general and independent on the surfactant nature.

The study by Stoppel et al. (2011) was devoted to the effect
of non-ionic surfactants on protein and small molecule transport
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within hydrogel matrices. Understanding this effect is crucial for
the use of these systems in the design and formulation of drug
delivery systems, biomaterials, and tissue engineering scaffolds. In
their study, Pluronic F68 micelles were incorporated in an alginate
hydrogel. The experimental results showed that small molecule
transport within hydrogels improved slightly by the addition of
Pluronic F68 (evidenced by the increase in their effective dif-
fusion coefficient). The authors expressed expectation that use
of a higher surfactant concentration or larger surfactant mol-
ecular weight, e.g., Pluronic F108 or F127, would continue to
enhance diffusion coefficient and improve transport character-
istics, as long as the material properties of the hydrogel would
not be strongly affected by the change in formulation. They
also note that in the case of a more hydrophobic small mole-
cule, changes in the diffusion behavior would be highly influ-
enced by the size of the complex micelle-solubilized hydrophobic
small molecule. From the point of view of mechanical prop-
erties, it was found that addition of Pluronic F68 above 2%
(w/v) may lead to undesirable material properties. Thus, the
incorporation of 5% Pluronic F68 (w/v) reduced the storage
modulus by 57% and increased the loss angle tangent by 24%
(at a frequency of 1 Hz). Interestingly, while significant changes
in solution viscosity were observed for Pluronic F68 addition
below 2% (w/v), these interactions were not dominant in the
hydrogel form. However, the solution interactions did translate
to the gel state through the increased loss angle tangent and
increased shrinkage ratio, which ultimately had an effect on the
loading capacity through changes in water retention properties.
Pluronic addition had minimal effects on riboflavin transport
and loading. Conversely, significant effects were observed for
bovine serum albumin where loading capacity decreased and
release either increased or decreased depending on the gelation
method.

Frisman et al. (2012) nanostructured hydrogels based on fib-
rinogen with Pluronic F127 micelles. Resulting materials were
comprehensively analyzed using small-angle X-ray scattering
(SAXS) and transmission electron cryo-microscopy and leach-
ing test of the Pluronic micelles from the crosslinked hydrogel
network under tissue culture conditions. Cryo-microscopy and
SAXS experiments revealed formation of partially ordered micel-
lar structures, surrounded by a PEG—fibrinogen network. Micelles
diameter was determined to be approximately 14 nm, which was
close to the dimension of micelles (10 nm) formed in the solution
of modified fibrinogen (hydrogel precursor). The structure and
the ordering of the micelles in the hydrogels were dependent on
the concentration of Pluronic F127. At a relatively low concen-
tration of Pluronic, micelles were distributed homogenously and
randomly throughout the hydrogel matrix. Organized arrange-
ment of the micelles was observed in samples containing higher
concentrations of Pluronic. The arrangement was proposed in the
form of clusters of micelles surrounded by areas containing mainly
the modified fibrinogen backbone. The shape and the size of the
micelles and the distances between them were found not to be
affected by the hydrogel crosslinking density. Pluronic F127 also
decreased the size distribution of the fibrinogen precursor in the
hydrogel. One of the radii determined for the fibrinogen structure
was reduced from 3.8 nm in the neat hydrogel to 2.3 nm at the

highest Pluronic F127 concentration. The other (smaller) radii of
1.5 nm remained unchanged.

Swelling increased upon the addition of Pluronic and with its
increasing concentration — probably due to the hydrophilic nature
of this additive. Leaching tests showed that more than 50% of the
added Pluronic was released from the hydrogel during the first few
hours. The remaining fraction was leached over the next 2-3 days
and after 4 days only a very small amount of Pluronic remained
entrapped inside the hydrogel matrix.

A fibroblast cell culture was inoculated in the prepared hydro-
gels. A non-linear dependence of the cell shape on the amount
of the added Pluronic was found; hydrogels containing 7% (by
weight) of Pluronic provided an optimal environment for cell
growth. Increased amount of Pluronic resulted in the decrease of
the cell shape factor as a consequence of the above mentioned effect
of the surfactant on the size of the fibrinogen precursor. Smaller
radius of the fibrinogen proteins backbone reflects a lesser ten-
dency of the hydrogel precursor toward aggregation. This means
that more bioactive fibrinogen polypeptidic structures can be
exposed to resident cells.

Juetal. (2013) presented an upgraded system based on Polox-
amer 407 for localized delivery of paclitaxel. Although paclitaxel
can be solubilized in Poloxamer 407 solution, the solubility is too
low to achieve the desired treatment threshold. Therefore, pacli-
taxel was solubilized in N-octyl-O-sulfate chitosan micelles and
these were dispersed in Poloxamer hydrogels interpenetrated by
crosslinked network of carboxymethyl chitosan. The introduction
of paclitaxel-loaded micelles had no influence on the lower criti-
cal solution temperature and gelation time of Poloxame hydrogel,
whereas the loading capability for paclitaxel was greatly enhanced.
The incorporation of chitosan-based network resulted in higher
swelling ratio, stronger mechanical properties, and longer term
drug release both in vitro and in vivo. Prolonged retention was
revealed at tumor sites, lasting for 20 days, as well as superior
tumor inhibition rate with reduced toxicity compared to Taxol
(a commercial paclitaxel preparation) or Poloxamer hydrogels not
reinforced by chitosan-based networks and containing the same
paclitaxel-loaded micelles.

Wang et al. (2014) designed a system for oral delivery of anti-
cancer drugs, docetaxel in their case. The pH-responsive hydrogel
carrying micelles with solubilized drug was selected as an ideal
candidate with following hypothesis on the delivery:

1. Primarily, the loaded micelles pass through the stomach under
the protection of pH-shrinked hydrogel and diffuse from the
hydrogel in intestinal tract.

2. The hydrogel swells at high pH environment of intestine. The
micelles are released and absorbed by Peyer’s patches in small
intestine owing to absorption enhancer and subsequently they
circulate longer in blood.

3. The micelles are passively targeted to tumor tissue by enhanced
permeation and retention effect.

4. At last, docetaxel is released from micelles and suppresses the
growth of tumor.

Hydrogels containing loaded micelles showed similar mesh size
compared to the blank hydrogels and their pH-responsibility was
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not impacted. With the pH rising from 1 to 8, more micelles
were exposed on the surface of the network, which was primarily
ascribed to the expansion of the hydrogel. The diffusion rate of
micelles in pH equal to 6.8 was much faster than that in acidic pH
(1.2) and also the diffusion in simulated intestinal fluid was much
faster than that in simulated gastric fluid. The docetaxel-loaded
micelles were confirmed to be absorbed in the intestine, which
was attributed to their small size (about 20 nm). The oral bioavail-
ability of docetaxel reached up to 75.6% after oral administration
of docetaxel-micelles-hydrogel, about 10 times higher than that of
free docetaxel-loaded micelles. The pharmacokinetic area under
curve of docetaxel improved accordingly as the administration
does increased from 10 to 30 mg/kg in mice. In the subcutaneous
breast cancer model, oral docetaxel-micelles-hydrogel inhibited
tumor growth dose-dependently; in high dose group, the oral
hydrogel system was comparable with intravenous injection of
Taxotere (a marketed formulation of docetaxel).

Yom-Tov et al. (2014) covalently linked part of the Pluronic
micelles into the hydrogel matrix by replacing part of the Pluronic
F127 molecules with a diacryl derivative. They found that the
influence of the diacryl derivative on the hydrogel nanostruc-
ture is pronounced only after covalently integrating its micelles
in the network. By fine tuning the ratio of Pluronic-diacrylate to
unmodified Pluronic molecules, different degrees of crosslinking
were achieved, which influenced the hydrogels weight gain ability
and Young’s modulus. Larger diacryl derivative percentages led to
smaller swelling degree, which is in line with the integration of
acrylated micelles within the hydrogel network, thus enhancing
its crosslinking density and diminishing its weight gain ability. It
was also observed that after about 2h of swelling, the unbound
(unmodified) Pluronic molecules leached out of the hydrogel cre-
ating cavities and network imperfections. An increase in Pluronic
diacryl derivative percentage gave higher values of Young’s modu-
lus as expected due to the increased network density. The authors
concluded that the higher porosity and mesh size resulting from
the release of unbound unmodified Pluronic molecules from the
fully hydrated hydrogels had the most pronounced impact on the
hydrogels’ characteristics.

An innovative hydrogel synthesized by Shukla et al. (2009) con-
tained nanosized domains of the size 20-35 nm of hydrophobic
moieties of poly(methyl methacrylate) grafted onto hydrophilic
poly(vinyl alcohol) backbone and investigated its water sorption
properties. Increasing concentration of hydrophobic monomer
gave materials with decreasing swelling degree while the diffusion
coefficient of water increased. The effects of various parameters
on water sorption were then studied on hydrogels prepared with
a fixed (“medium”) amount of hydrophobic monomer. The water
imbibition capacity increased when pH of the swelling media var-
ied in the range 2-11, but a significant rise in swelling was seen
only beyond pH equal to 9. The swelling was favored by increasing
temperature or by the presence of chloride or carbonate ions; on
contrary, a fall in water sorption was observed during the presence
of trivalent phosphate ions.

Inoue et al. (1997) grafted oligo(methyl methacrylate) as a
hydrophobic domains forming unit onto hydrophilic poly(acrylic
acid) as a hydrogel-forming polymer and tested swelling and drug
release properties of final materials. The graft level and molecular

weight of this oligomer influenced swelling of resulted hydrogels.
Higher graft levels and lower molecular weights of the grafted
chains yielded lower swelling ratios. This was explained by the
higher concentration of hydrophobic grafts and their aggregation
into domains within the hydrogel. Drugs of various polarities and
amodel protein (positively charged), lysozyme, were solubilized in
the hydrogels. Hydrophobic drugs and lysozyme were more slowly
released from the hydrogels when compared to the ungrafted
poly(acrylic acid) hydrogel. This was probably a consequence of
favored absorption of the hydrophobes into the oligomer-formed
domains and the lack of interconnections between these domains.
Positively charged lysozyme might associate both with the nega-
tive charges on acrylic acid moieties and the hydrophobic domains.
Consequently, also its release was decelerated. On the other hand,
uncharged hydrophilic drugs released faster because of their lower
hydrophobic or ionic interactions within the hydrogel. The for-
mation of hydrophobic domains might also enlarge the aqueous
pore sizes of the hydrogel, thus permitting the hydrophilic drug to
diffuse out more rapidly.

Kim et al. (2014) solubilized a non-water-soluble macrophage
recruitment agent in micelles formed within hydrogels of gelatin
grafted with hydrophobic chains. Platelet-rich plasma was also
incorporated into these hydrogels, which were designed for the
bone tissue engineering. Dual release of the agent and plasma from
hydrogel was expected to stimulate macrophage recruitment and
modulate inflammation, resulting in enhanced bone regeneration.
The results of that study experimentally confirmed this hypothe-
sis and dual release in a controlled fashion. The higher number
of macrophages recruited was observed around gelatin hydro-
gels incorporating mixture of micelles-loaded agent and plasma
compared with those incorporating either the loaded micelles or
the plasma. The hydrogels also decreased the production of pro-
inflammatory cytokine, but increased that of anti-inflammatory
cytokines. The controlled dual release thus recruited macrophages
into the bone defect and modulated inflammatory responses
thereat, resulting in promoted bone regeneration.

The development of novel systems for the oral chemotherapy
was overviewed by Bromberg (2005). Solubilization in micelles
was combined with large macromolecular structures preventing
such carriers from being transported into the systemic circula-
tion. The systems were based on the copolymers of Pluronics
and acrylic acid prepared in the form of spherical microgel parti-
cles with controllable diameter from tens to hundreds of microns.
Dangling chains of Pluronics created the hydrophobic domains in
microgels. At elevated temperatures, the dangling Pluronic chains
rearranged creating tighter micellar aggregates that acted as phys-
ical crosslinks, lowering the equilibrium swelling of the microgels.
The microgels were then crosslinked by both chemical and physi-
cal crosslinks. The size of micellar crosslinks filled the gap between
macromolecules (Stokes radii below 10 nm) and microparticles
(size 100 nm and higher). These micelles were shown to enhance
solubility of hydrophobic drugs such as steroid hormones or
camptothecins. The solubilizing micelles also provided an effective
barrier against drug decomposition. The gelled material enabled a
prolonged contact with mucous tissue due to enhanced bioadhe-
sion and the decelerated diffusion enhanced the bioavailability of
the drug.
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Formation of hydrophobic domains within a multiblock PEG-
based hydrogel was combined with strong hydrogen-bonding
associations of UPy units contained in the same copolymer (Guo
etal., 2014). The strength of hydrogels significantly improved and
could additionally be adjusted by implementing different lengths
and composition of PEG precursor. The hydrophobic segments
as observed by transmission electron microscopy appeared to be
dispersed as small spherical compartments with diameter about
2-5nm. Although the weight fraction of PEG in these materials
was around 0.9, they did not dissolve (at ambient temperature) in
water in contrast to pure PEG; only swelling was observed with
equilibrium water weight fraction somewhat above 0.8. A short-
chain hydrophobic oligo-methylene spacers were used to shield the
UPy units and to facilitate their aggregation such that hydrogen-
bonding disruption caused by the hydrated matrix could be pre-
vented. The integrity of crosslinking was thus maintained through
this molecular shielding. When combined with long PEG seg-
ments, this feature translated to low crosslink densities, allowing
relatively large elongation-recovery to be achieved with minimal
diminishment of modulus compared with pristine PEG. Tensile
tests revealed a remarkably strong hydrogel that exhibited nearly
perfect strength recovery even at large deformation (exceeding
300%). The cumulative mechanical properties were driven in
part by the incompatibility between hydrophilic and hydrophobic
chain segments in concert with the strong tendency for hydrogen
bonding of the UPy motifs. For example, these hydrogels were
substantially stronger and tougher than similar hydrogels formed
by chemically crosslinked copolymer micelles with very similar
hydrophobic versus hydrophilic content. The developed materials

also showed a shape memory behavior. The shape recovery from
temporary deformed states was demonstrated to be stimulated
either by heating above the melting temperature of PEG or by
immersing in water.

Thomas et al. (2009) prepared hydrogels combining both
hydrophilic and hydrophobic structures by injection molding with
the intention of their application as cartilage replacement materi-
als. Unfortunately, many of their investigated hydrogels lacked the
required shear, tear, and creep properties. However, the introduc-
tion of hydrophobic groups in the materials was found to have a
positive effect on mechanical properties with a minimal effect on
coefficient of friction and contact angle. Particularly, the strength
and creep resistance were greatly improved. Thus, hydrophobic
domains-containing hydrogels were proved to exhibit signs of
hydrodynamic lubrication, which are stronger than the reference
poly(vinyl alcohol) hydrogels used in this study.

Lee et al. (2011) reinforced poor mechanical properties of
Pluronic hydrogels by using Pluronic copolymers terminally con-
jugated with tyramine, which can be enzymatically crosslinked
between neighboring micelles containing the modified copoly-
mers (Figure 5). The enzyme crosslinked hydrogels showed
far lower critical gelation concentration, concomitantly show-
ing enhanced gel strength compared to unmodified Pluronic
copolymer hydrogels. Rheological studies demonstrated that the
enzyme crosslinked hydrogels exhibited a fast and reversible sol-
gel transition in response to temperature while maintaining suffi-
cient mechanical strength at the gel state. These materials were
thus suitable for injectable, in situ gelling applications. In situ
formed hydrogels were eroded gradually, releasing fluorescently
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Tyrosinase —mediated crosslinking of Plu-Tyr conjugates

thermo-responsive
sol-gel transition

FIGURE 5 | Thermal and enzymatic gelation of tyramine-terminated Pluronic copolymers (Plu-Tyr). Reprinted from Lee et al. (2011) with permission.
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labeled dextran in an erosion-controlled manner. Moreover, they
showed tissue-adhesive properties due to the presence of unreacted
catechol groups in the gel structure.

Pluronic-based nanoparticles were obtained in Missirlis et al.
(2005) by inverse emulsion photocopolymerization with a PEG
diacrylate. The size of nanoparticles could be varied between 50
and 500 nm. The hydrophobic domains within these nanoparticles
solubilized doxorubicin, an anti-cancer drug, up to almost 10%
(w/w). The nanoparticles also appeared stable to freeze-drying
and re-suspending in water.

Hao and Weiss (2011) used a fluoroacrylate, capable of
strong hydrophobic interactions, as the hydrophobic modifier
in poly(alkylacrylamide) hydrogels. Microphase separation of a
hydrophobic nanophase due to incompatibility of the fluoroacry-
late groups with the hydrogel network served as multifunctional
physical crosslinks. This resulted in excellent mechanical proper-
ties of final materials, providing the water concentration in the gel
was not too low (in this case the hydrogel became more brittle).
The strength of these physical hydrogels increased with increasing
concentration of the fluoroacrylate moieties. The unusually high
stiffness and toughness was attributed also to the ability of these
gels to dissipate energy when deformed because of a reversible dis-
engagement of the hydrophobic groups from the nanodomains.
That provided a viscous mechanism for stress relaxation and
effective energy dissipation. The physical nature of the hydrogels
also allowed for their viscous flow if the applied stress was suf-
ficiently high or the deformation time was sufficiently long (i.e.,
low deformation frequency). The physical gels were more viscous
than comparable chemical gels and were much more efficient at
dissipating stress, which resulted in higher tensile toughness. At
25°C, the hydrogels were highly elastic (the storage modulus was
higher than the loss modulus), but as the temperature increased,
viscous behavior increased and a moduli crossover occurred at
55°C and the rheological characteristics of the material changed
from a viscoelastic solid to a viscoelastic liquid.

The temperature behavior reflected the glass transition of these
hydrogels temperature of which was determined at 45°C. At room
temperature, the hydrophobic nanodomains were glassy and the
relaxation time of interactions holding them together could be
expected to be relatively long. As temperature increased above the
glass transition, the hydrophobic domains started to be more flex-
ible and their relaxation times decreased. Observed mechanical
behavior is useful for designing an injectable hydrogel where a
high stress or slow deformation can be used to achieve viscous
flow, but gelation occurs when the stress is removed or sufficiently
decreased.

Li et al. (2012) covalently incorporated nanosized polymeric
micelles into PEG hydrogel network to tune its properties rele-
vant for cell-related applications in tissue engineering. Increasing
the content of the micelles from 0 to 80% led to increased porosity
and tunable mechanical property of the hydrogels. It was observed
that the size of pores in hydrogel increased with increasing micelle
content due to decreased crosslinking degree in this system. At
the content of the micelles about 80%, the pores were highly
interconnected. The hydrogel with 20% micelles provided the
best balance among hydrogel stiffness and porosity for cell sur-
vival, leading to the highest viability of human mesenchymal stem

cells. When the micelle content was increased up to 80%, storage
modulus and gel yield decreased significantly, whereas swelling
ratio increased dramatically. The cationic bolaamphiphile/DNA
complexes induced higher gene expression efficiency in the hydro-
gels than the traditional polyethylenimine/DNA complexes, yet
showed no cytotoxicity. The gene expression level in the cells in the
hydrogel with 20% micelles was the highest as compared to that
in the other hydrogels. Overall, the hydrogel with 20% micelles
offered an optimal scaffold with ideal physical properties for
cell growth and transfection. Nanoparticles incorporated into the
hydrogels thus represent a useful strategy to control cellular behav-
iorin a three-dimensional environment. Developed biodegradable
nanostructured hydrogels can be an excellent platform for the
delivery of human mesenchymal stem cells.

A series of hybrid hydrogels was prepared by the micellar
copolymerization of acrylamide stearyl methacrylate as a physical
crosslinker forming micelle-like domains and a bis(acrylamide)-
based chemical crosslinker, in the presence of a surfactant (Tun-
caboylu et al., 2013). Rheological measurements showed that the
dynamic reversible physical crosslinks consisting of hydrophobic
associations surrounded by surfactant micelles are also effective
within the covalent network of the hybrid hydrogels. A signifi-
cant enhancement in the compressive mechanical properties of
the hybrid gels was observed with increasing chemical crosslinker
content as expected. Cyclic tensile and compression tests showed
that the fraction of hydrophobic associations reversibly broken
under an external force decreased with increasing the ratio of
chemical crosslinker to the monomer. The results showed that self-
healing in hybrid gels can be observed at sufficiently low chemical
crosslink densities where the network chains are sufficiently flexi-
ble to allow the re-formation of broken hydrophobic associations
on the cut surfaces. The hydrophobic associations surrounded by
surfactant micelles acted as reversible breakable crosslinks respon-
sible for rapid self-healing of the hydrogels at room temperature
without the need for any stimulus or healing agent. No self-healing
observed in hybrids formed at the chemical crosslinker ratio equal
and greater than 0.01 was explained by the decreased mobility
of hydrophobic blocks in the inhomogeneous network structure.
The authors also proposed that the use of hydrophobic monomers
with longer alkyl side chains would produce enhanced self-healing
properties due to the increased mobility of the hydrophobes.

CONCLUSION

This review focused on rather unexplored colloidal mate-
rials. Hydrogels with hydrophobic, particularly micellar,
(nano)domains are hybrid materials from the point of view of
polarity of their constituents. This hybrid character is the base of
their specific material, structural, and colloidal properties. Manip-
ulating the two basic constituents — their contents, chemistry, size,
incorporation into hydrogel matrix — enables tailoring of charac-
teristics of these hybrid gels. They can be then favorably employed
in variety of applications, especially in the fields of (bio)medicine,
biomaterials, drug delivery, cosmetics, but even in agriculture or
environment protection. The number of published works is still
low and most of them are focused on synthetic and composi-
tional aspects. More information on their physico-chemical or
colloidal properties, like (long-term) stability or transport of both
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hydrophobic and hydrophilic molecules within and from (into)
these systems, is needed badly. Further, there is a lack of detailed
biology- and cell-related studies in the case of materials intended
for biomedical applications.
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