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Abstract
Soft nanomaterials – polymeric nanogels and microgels – have made a fast and brilliant career, from an

unwanted by-product of polymerization processes to an important and fashionable topic of interdiscipli-
nary research in the fields of polymer chemistry and physics, materials science, pharmacy and medicine.
Together with their larger analogues – macroscopic gels, most known in the form of water-swellable hydrogels
– they have a broad field of actual and potential applications ranging from filler materials in coating indus-
try to modern biomaterials.

A multitude of techniques has been described for the synthesis of polymeric nano- and microgels. Most
of them can be classified in two groups. The first one are techniques based on concomitant polymerization
and crosslinking (where the substrates are monomers or their mixtures), called by some authors "crosslinking
polymerization". The second group are methods based on intramolecular crosslinking of macromolecules
(where the starting material is not a monomer, but a polymer).

The possibilities of employing macroscopic polymer gels as biomaterials, mostly in the form of hydrogels
based on synthetic polymers, have been explored since 1960's, when these materials were first synthesized
[1]. Since then, a number of products reached the stage of commercial application, soft contact lenses, drug
delivery systems and wound dressings being the most widely known examples. Given the number of re-
search groups involved and progress being made in this field, one may anticipate that in the future the
number of hydrogel-based biomedical products on the market will be constantly increasing.

Introduction

Soft nanomaterials – polymeric nanogels and mic-
rogels – have made a fast and brilliant career, from
an unwanted by-product of polymerization processes
to an important and fashionable topic of interdisci-
plinary research in the fields of polymer chemistry
and physics, materials science, pharmacy and medici-
ne. Together with their larger analogues – macrosco-
pic gels, most known in the form of water-swellable
hydrogels – they have a broad field of actual and po-
tential applications ranging from filler materials in
coating industry to modern biomaterials.

There are at least two ways of defining polymeric
nanogels and microgels. One of them originates from
the definition of polymer gels. A polymer gel is a

two-component system consisting of a permanent
three-dimensional network of linked polymer chains,
and molecules of a solvent filing the pores of this
network. Nanogels and microgels are particles of
polymer gels having the dimensions in the order of
nano- and micrometers, respectively. The other defi-
nition says that a nanogel or a microgel is an inter-
nally crosslinked macromolecule. This approach is
based on the fact that, in principle, all the chain seg-
ments of a nanogel or microgel are linked together,
thus being a part of one macromolecule. It also re-
flects the fact that such entities can be synthesized
either by intramolecular crosslinking of single linear
macromolecules or in a single polymerization event
(e.g. initiated by one radical) that in the absence of
crosslinking would lead to the formation of a single
linear polymer chain.

The latter definition allows us to consider nano-
and microgels as a specific form of macromolecules,
along with linear, branched, comb-like, circular, star-
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shaped, dendrimer, and others. Since usually the sha-
pe of a nano- or microgel resembles a linear macro-
molecule in a coiled conformation, these structures
are often seen as permanently "frozen" polymer coils.

In fact, molecular weights and dimensions of swol-
len nanogels are often similar to these of typical single
macromolecules in solution, but the presence of in-
ternal bonds results in different physicochemical prop-
erties, including fixed shape, different rheological
behavior, higher resistance to degradation and the
ability to trap other molecules within their structure.

Microgels belong to the large family of crosslink-
ed polymeric microparticles. Their distinct property
is the ability to swell in a suitable solvent. Certainly,
the choice of such a solvent is a function of the chemi-
cal structure of the polymer network. Therefore a
crosslinked microparticle that remains impermeable
and does not swell in contact with a group of solvents,
may become a microgel in another group of solvents.

Very important and perhaps most studied so far
are microgels composed of hydrophilic polymers, thus
being capable of swelling in water. Such gels, irre-
spective of their dimensions, form a large group of
compounds named hydrogels. Typical hydrogel-form-
ing polymers are those containing hydrophilic groups
as –OH, –COOH, –NH2, –CONH2, –CONH–, –SO3H
or ether linkages. In principle, nearly all water-soluble
polymers, including those of natural origin, can be
transformed into hydrogels. Macroscopic hydrogels
have been extensively studied since 1960's [1] and
till now a number of large-scale applications emerged
from this field (contact lenses, drug-delivery systems,
wound dressings etc.) [2-6]. Hydrogels, due their good
biocompatibility and ability to mimic the properties
of some tissues like cartilage and muscles, are espe-
cially suitable for use as biomaterials.

All polymer gels, macro- and microscopic, can be
divided in two classes with respect to the character
of the bonds linking the chains. In a physical gel or
pseudogel, the links may be relatively weak van der
Waals forces, hydrophobic or electrostatic interactions
or hydrogen bonds. These phenomena will not be
discussed here. Chemical gels or permanent gels are
polymer networks where the links between the chains
are covalent bonds. Therefore, such gels cannot be
easily destroyed or dissolved, since their destruction
would require the covalent bonds to be broken.

A distinct class of nano- and microgels are stimuli-
sensitive ("smart", "intelligent") structures. They are
able to react, usually by a pronounced change in di-
mensions and swelling ability, to external stimuli such

as temperature, pH, ionic strength, concentration of
a given substance, electric field, light etc. Such struc-
tures may find applications in controlled or self-regu-
lating drug delivery, signal transmission or micro-
machinery.

First reports regarding microgels date from 1930's,
when Staudinger described the formation of a sty-
rene-divinylbenzene microgel [7,8]. Since then, hun-
dreds of reports have been published on this topic.
For a full insight, the reader is directed to the excel-
lent review papers by Funke et al. [9] and Saunders
and Vincent [10], covering most of the relevant as-
pects, as well as to a number of reviews dedicated to
more specific issues [11-13].

In this report we will first discuss the methods
used to synthesize microgels, than briefly review their
actual and potential applications.

Synthesis

A multitude of techniques has been described for
the synthesis of polymeric nano- and microgels. Most
of them can be classified in two groups. The first
one are techniques based on concomitant polymeri-
zation and crosslinking (where the substrates are
monomers or their mixtures), called by some authors
"crosslinking polymerization". The second group are
methods based on intramolecular crosslinking of
macromolecules (where the starting material is not a
monomer, but a polymer).

Formation of microgels by crosslinking poly-
merization

Crosslinking polymerization is the most common
process used to synthesize polymeric network. The
substrate is usually a mixture of monomers, where at
least one of the components contains two or more
polymerizable functions. For example, in the case of
free-radical crosslinking polymerization of vinyl
compounds this would require that at least one of the
monomers contains two or more vinyl groups. When
radicals are generated in such system, in the process
of propagation monomer molecules add one after
another to the free radical at the end of the growing
chain. Since some monomer molecules bear two or
more active groups, upon incorporation in the (ini-
tially) linear chain, some of their functionalities are
not yet used and form pendant active groups along
the macromolecule. Therefore, the propagating chain
may react not only with monomer molecules, but also
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with these pendant groups. If the pendant group be-
longs to another chain, the two chains become linked
together (intermolecular crosslinking). If the propa-
gating radical reacts with a pendant group localized
on its own chain, a closed loop is formed (intramole-
cular crosslinking). Intermolecular crosslinking leads
to the formation of branched structures and finally
to macroscopic gel filling the whole volume of the
reaction vessel ("wall-to-wall" gel). In an ideal case,
after all the functionalities reacted, the final product
would be a single molecule occupying the whole re-
action vessel, with all chain segments linked together.
On the other hand, pure intramolecular crosslinking
leads to separate, highly internally crosslinked single
macromolecules, i.e. nanometer-size microgels. In
practice we can speak about prevailing inter- or in-
tramolecular crosslinking. Most microgels synthe-
sized by crosslinking polymerization are formed by
combination of these two processes.

Crosslinking polymerization in solution

Most of the work on the microgel synthesis by
crosslinking polymerization is solution has been done
on the systems reacting according to the free-radical
mechanism. An alternative is the synthesis by an-
ionic crosslinking polymerization in solution.

Free-radical polymerization

Free-radical crosslinking polymerization in solu-
tion, although less commonly used than emulsion-
based techniques, is a subject of considerable interest,
both in the area of gelation theories and experimen-
tal studies. This seems to result from the fact it is
probably the simplest available method for the prepa-
ration of microgels, it has a broad range of applica-
tions, is highly versatile and does not require the use
of surfactants. The latter, employed in most versions
of emulsion polymerization techniques, may be pre-
sent in the final product and may need to be removed
in a separate purification step, thus making the synthe-
tic procedure more complex. On the other hand, mic-
rogel formation by crosslinking polymerization in
solution requires a very careful choice of reaction pa-
rameters. In general, it provides less precise control
of the size of the products and yields microgels of
broader size distribution than emulsion polymerization.

In order to obtain microgels by crosslinking co-
polymerization in solution, it is necessary to control
the competition between propagation of linear chains,

intermolecular crosslinking and intramolecular cross-
linking in such a way that microgels of desired aver-
age molecular weight and/or dimensions are formed,
but no macrogelation occurs. One of the decisive fac-
tors is the concentration of the monomer mixture. In
a dilute solution where the growing chains are sepa-
rated, the local concentration of the pendant reactive
groups within the macromolecule is much higher than
their average concentration in the whole reaction
volume. Therefore, reaction of the growing chain end
with a pendant group belonging to its own chain is
much more probable than a reaction with a pendant
group of another chain. Thus, intramolecular cross-
linking is promoted and, at a certain stage, the sys-
tem contains mainly microgels. On the contrary, in a
concentrated solution where the coils of both grow-
ing and dead chains overlap, the probability of the
chain end reacting with a "foreign" pendant group
may be higher that with its own one. This promotes
intermolecular crosslinking and, in consequence,
macrogelation, often not being preceded by a dis-
tinct microgelation stage. For a detailed description
of the phenomena related to microgel formation in
free-radical crosslinking polymerization, consult the
review paper of Funke et al. [9] and a recent theo-
retical study of Okay [14].

In the course of a crosslinking polymerization re-
action proceeding through a microgelation stage, two
factors tend to shift the competition between intra-
and intermolecular crosslinking towards the latter
process. The first factor is that the number (and con-
centration) of microgels increases, making the inter-
particle contact and reaction more probable. The
second is that within a microgel particle the number
of pendant groups available for further intramolecu-
lar crosslinking events decreases (probably not only
due to their actual decay in the crosslinking reaction,
but also due to the increasing sterical constraints
within the internally crosslinked structure). There-
fore, even in the relatively dilute systems where in-
tramolecular crosslinking initially prevails, one can
finally expect macrogel formation.

An interesting example illustrating how versatile
this method may be is the first report on the synthe-
sis of fullerene-containing microgel structures [43].
Fullerenes, acting as multi-functional monomers,
were co-polymerized, in a free-radical process in o-
dichlorobenzene solutions, with 4-vinylbenzoic acid,
as well as with 2- and 4-vinylpyridine to form submic-
ron- and micron size microgels of interesting rheo-
logical and electroactive properties.
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Another new and elegant way to control the ki-
netics and yields of free-radical crosslinking polyme-
rization reactions is the idea of radical living poly-
merization [16-22]. In this technique, a spin-trapping
agent (iniferter) is present in the polymerizing sys-
tem that can reversibly combine with the propagat-
ing radical at the end of a growing polymer chain.
The free chains, spin trap and their product – blocked,
inactive ("dormant") radical – are in equilibrium. As
a result of that, at given polymerization conditions
the momentary concentration of active propagating
(or crosslinking) radicals can be kept at a much lower
level than in the absence of the iniferter. This con-
centration may be controlled by varying the concen-
tration of the spin trap. The use of living polymer-
ization is rapidly expanding in polymer synthesis due
to its many advantages (e.g. precisely controlled av-
erage molecular weight and molecular weight distri-
bution), and has also found its way to the field of
synthesis of microgels.

A specific case of crosslinking polymerization in
solution is precipitation polymerization, when the
microgels being formed in solution have the tendency
of de-swelling and precipitation. Since the further
growth and cyclization reactions are limited mostly
to the surface and the inner sphere of such a phase-
separated particle (that can be considered as a de-
swollen, collapsed microgel), the resulting products
are often nearly monodisperse.

It seems that precipitation polymerization is espe-
cially suitable for preparing thermo-sensitive micro-
gels, since one can control the precipitation/deswell-
ing tendency by changing temperature. For example,
for a polymer that undergoes a phase transition lead-
ing to precipitation above a given temperature (lower
critical solution temperature, LCST), it is possible to
carry out precipitation polymerization above LCST,
and subsequently re-solubilize the product by low-
ering the temperature.

Recent studies indicate that precipitation polymer-
ization can be also used to fabricate a sort of imprinted
microgel structures [23], per analogy to the molecu-
larly imprinted non-swellable microspheres of broad
biomedical use, synthesized by a similar technique [24].

Anionic polymerization

In ionic polymerization [25-28], the active cen-
ters participating in chain growth are not radicals,
but ions. In principle, three groups of monomers can
be used: hydrocarbon (including vinyl), polar (acry-

lates, methacrylates) and cyclic (oxiranes, lactones
etc.). Although the ring-opening polymerization of
the latter group of compounds is a promising tech-
nique used to obtain microspheres [83], so far only
the first two groups have gained some attention in
the field of microgel synthesis. The carbanions be-
ing the active centers in anionic polymerization usu-
ally do not undergo any spontaneous deactivation,
thus such a process may be considered as a living
polymerization. However, since carbanions react ra-
pidly with any substances bearing reactive H-atoms
(water, carboxylic acids, alcohols), a pre-requisite of
performing a living polymerization is high purity of
the reactant mixture. Since even traces of water from
air can prevent the polymerization and in general the
concentration of impurities should be kept at a sub-
micromolar level, this requirement is one of the main
difficulties encountered when using this technique.
In the case of polar monomers, polymerization is of-
ten carried out at a low temperature (e.g. below -75°C)
in order to eliminate side reactions.

The technique of anionic polymerization, due to
the formation of (theoretically) infinitely long-last-
ing active centers, is particularly useful in the synthe-
sis of structured microgels, mostly based on block
copolymers. A typical approach is a two-step proce-
dure. In the first step, only one monomer (A) is poly-
merized until the monomer is used up but the active
centers at the chain ends still present. Upon addition
of a second monomer (B), the polymerization con-
tinues. In a simplest case, a block copolymer of the
structure (A)n-(B)m is formed. If A is a bifunctional
monomer and B is a monofunctional one, this ap-
proach leads to the formation of core-shell star-shaped
structures, with a microgel as a core and linear chains
bound as branches. This technique (called by some
authors "core-first") has been applied to the systems
where the microgel core is built of 1,4-divinylbenzene
[29-33]. A reverse technique ("arm-first"), where the
bifunctional monomer is added to the living linear
chains, was used e.g. to synthesize products having
EGDMA microgel core and poly(t-butyl acrylate)
arms [34]. Much work has been done on the microgel
formation in another block copolymer system, t-
butylstyrene-divinylbenzene (TBS-DVB) [35-39].

Emulsion polymerization

Macroemulsion

In the synthesis of microgels by polymerization
in solution, the most important difficulty is how to
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avoid macrogelation, i.e. how to confine the cross-
linking reactions into small, separated spaces. This
problem can be overcome by using emulsion polymer-
ization, where each micelle may serve as a separate
microreactor, protected from the contact with other
micelles by the stabilizing action of a surfactant. Thus,
in such a confined space the polymerization and cross-
linking reactions can be carried out to a high degree
of monomer conversion, resulting in a single microgel
particle, with no or very limited macrogel formation.
Because of this advantage, emulsion polymerization
is a very popular way of microgel fabrication.

In a classical free-radical emulsion polymeriza-
tion [40,41], the system initially consists of mono-
mer molecules that are dispersed in the liquid phase
(usually water) in the form of micelles (of a size in
the order of a few nm) and monomer droplets, typical-
ly of the size of 0.1÷1 mm. Such microheterogeneous
system is stabilized by the presence of surfactants.
The radicals are generated in the liquid phase. In some
systems, initiation and first propagation steps also
take place in the solution. As the growing chain has
the tendency to become phase-separated, surfactant-
protected polymer-monomer particles are being form-
ed, where the further polymerization and crosslinking
steps take place. In other systems (especially when
monomers are poorly soluble in water), initiation may
occur within a monomer-filled micelle by an initia-
tor radical that diffuses into the micelle from solu-
tion. During the chain growth, monomer molecules
diffuse from the droplets and any inactive micelles
to the active particles containing growing chain(s).
After these outer monomer sources are used up and
only the rests of monomer inside the active particles
react, these particles do not grow any longer (or may
even contract due to internal crosslinking when mul-
tifunctional monomers are present) and, upon nearly
complete consumption of the monomer, the process
is finally terminated.

Emulsion polymerization of monofunctional mo-
nomers leads to the formation of coagulated polymer
particles (latexes), while in the presence of multifunc-
tional monomers internally crosslinked particles –
microgels – are formed, having the ability to swell in
a good solvent.

Microemulsion

Some of the disadvantages of the classical emulsi-
on polymerization can be avoided by using miniemul-
sion or microemulsion polymerization [9,13,42,43].

In a monomer-containing emulsion, with increas-
ing surfactant concentration the amount of monomer
stored in the droplets decreases while more mono-
mer molecules form micelles. When a critical value
of emulsifier concentration is reached, no monomer
droplets are left, with all the monomer being present
in micelles (and to some extent in the solution). Such
a transparent micellar solution is a starting point for
the polymerization in microemulsion. In such a sys-
tem the polymerization in monomer droplets is avoid-
ed. In the absence of this side effect known from the
macroemulsion technique, nearly monodisperse mic-
rogels can be easily synthesized.

Inverse emulsion

Most of the emulsion polymerization syntheses
are performed in systems where the continuous liq-
uid phase is water or aqueous solution, and the mono-
mers and polymers are of relatively hydrophobic
character. Certainly, it is possible to reverse this situ-
ation and polymerize hydrophilic monomers in or-
ganic, hydrophobic liquid phase.

The mechanism and kinetics of microgel forma-
tion in inverse emulsion polymerization have been
extensively studied in the case of acrylamide [44].
The influence of the kind of solvent, kind and con-
centration of emulsifier, monomer content, agitation
speed etc. on the rate of process and product proper-
ties were described.

Beside of synthesizing neutral hydrophilic micro-
gels [44,45], this technique is especially well suited
for producing polyelectrolyte microgels of uniform
size. For example, spherical gel microparticles of
acrylic acid co-polymerized with diethylene glycol
diacrylate have been fabricated by inverse miniemul-
sion polymerization [13]. The products were having
various diameters, depending on the surfactant con-
centration, and a polydispersity lower than 10%.

Surfactant-free emulsion polymerization

Emulsion polymerization, besides its numerous
advantages, has also some shortcomings, the most
important being the presence of surfactants that usu-
ally have to be removed from the products in a sepa-
rate step after the synthesis. A complete removal of
a surfactant is not always possible, since its molecules
may be in some cases incorporated (bound or trapped)
into the products. This problem is especially pro-
nounced in the case of microemulsion polymeriza-
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tion, where, relatively large quantities of emulsifiers
must be used in order to force all monomer to be
present in micelles.

A way out of this problem, although limited to
some particular systems, is the use of a technique
called by some authors "surfactant-free emulsion
polymerization" (SFEP), where the stabilization of
emulsions is provided by the monomer and/or poly-
mer itself. This can be realized in at least two ways:
either the initiator of free-radical polymerization is
an ion, that, when incorporated into a growing oligo-
meric chain, causes this molecule to be surface acti-
ve, or the substrates for polymerization are unsatu-
rated (i.e. polymerizable) oligomers bearing ionized
groups at one or two ends.

Crosslinking polymerization in the bulk

Bulk polymerization is a possible but, in general,
not particularly suitable way of synthesizing micro-
gels, primarily since the polymerizing and crosslink-
ing system tends to form a macroscopic "wall-to-
wall" gel in the whole reaction volume. According
to classical gelation theory [46] involving homoge-
neous growth of linear chain and their subsequent
linking together, formation of distinct microgels as
intermediate stages should not take place. However,
in reality most polymerizing and crosslinking sys-
tems are not strictly homogeneous (see a brief gen-
eral discussion in ref. [9] and references cited therein).
If, before macrogelation is reached, the polymeriza-
tion and crosslinking processes proceed trough stages
characterized by inhomogeneous density of cross-
links, i.e. when microgels are formed that are not (yet)
linked together, there is some chance that they could
be potentially separated.

Polymerization with non-classical initiation

Most of the work on the synthesis of microgels
by combined polymerization and crosslinking has
been done using classical initiation methods, i.e. with
chemical initiators, which, when activated (mostly
thermally decomposed) give rise to reactive inter-
mediates capable of initiating the chain reactions of
polymerization and crosslinking. This approach, al-
though most commonly used, has some disadvan-
tages. First of all, the initiator or its fragments usually
remain in the products, either chemically bound or
entrapped within the polymer structure. This may pose
serious problems in these applications where purity

of the material is of high importance (biomaterials,
optics, electronics). Secondly, in some cases the heat-
ing of the reaction mixture in order to activate the
initiator may be undesirable. Therefore there is a need
for alternative techniques where initiation is provided
by other means. One may envisage that the techniques
already used in polymerization processes, like pho-
topolymerization, radiation polymerization, initiation
by the action of ultrasound or microwaves will find
an application in the microgel synthesis as well.

Photopolymerization and photocuring are very in-
tensely studied synthetic techniques, widely used in
industry [47,48].

Radiation-induced polymerization is a well-estab-
lished, versatile synthetic technique used in the poly-
mer science and, to a limited extent, also in technolo-
gy (for reviews see [49-56]). Polymerization initiated
by ionizing radiation (typically gamma rays from iso-
tope sources or fast electrons generated by accelera-
tors) is quite similar to the classical one and can be
performed in the bulk, in solution, in emulsion etc.,
the main difference being only the initiation step.
Ionizing radiation can interact with monomers and
polymers by direct or indirect effect. In the former,
the energy is absorbed by a monomer molecule, which
may result in a radical formation, in the latter the ener-
gy is absorbed by the solvent, and reactive products
(mostly radicals) resulting from this event may in turn
attack monomer to initiate polymerization. In the case
of aqueous systems, the species initiating the poly-
merization is most often the hydroxyl radical.

Ionizing radiation can be used in the synthesis of
polymer gels (both macro- and microscopic) in two
general ways: either by inducing crosslinking poly-
merization of monomers, or by inducing crosslinking
of polymer chains in the absence of monomers. The
latter technique has some important advantages and
will be discussed separately. It is important to know
that at late stages of radiation-induced polymeriza-
tion, when only low quantities of free monomer mol-
ecules are left in the system and the radicals are still
generated randomly along the chains, intermolecu-
lar recombination (crosslinking) reactions may oc-
cur with a considerable yield even in the total absence
of any bifunctional monomer. Therefore, by using
ionizing radiation it is possible to obtain a polymer
gel starting from monofunctional monomers. More
often than not, multifunctional monomers are used
anyway, usually in order to increase the yield of cross-
linking and thus reduce the radiation dose necessary
to produce a gel of a given crosslink density. Applica-
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tions of this technique range from the formation of
gels based on relatively simple compounds (e.g. ac-
rylamide [57] or N-vinylpyrrolidone [4]) to complex
stimuli-sensitive "smart" gels targeted for advanced
biomedical purposes [58-62]).

Examples of radiation-induced polymerization
employed to synthesize internally crosslinked poly-
mer microparticles are the works of Yoshida et al.
[63-67] and Naka et al. [68-70]. Various monomer
mixtures, mainly containing diethylene glycol dime-
thacrylate, were irradiated without any auxiliary sub-
stances in organic solution to yield products that were
suitable for derivatization or immobilization of bio-
molecules, and intended for biomedical applications.
Microgels can be also synthesized by radiation-in-
duced crosslinking polymerization in emulsion, as
shown on the example of styrene-based gels co-poly-
merized with cationic polymerizable surfactants [71].

Ultrasound is often used in microgel or micropar-
ticle synthesis, albeit not for initiating chemical reac-
tions, but rather as a tool for solubilization, agitation,
homogenization, formation of miniemulsions etc. It
seems that the well known fact that the same ultra-
sound can induce polymerization (for reviews see
[72-74]) has so far largely escaped the attention of
the researchers working on microgel synthesis.

Although no extensive studies on the possibility
of microgel synthesis by ultrasound have been made
so far, there are first reports on the possibility of ul-
trasound-induced polymerization of bifunctional mo-
nomers [75] and fabrication of microspheres [76].

It has been shown that concomitant action of ion-
izing radiation and ultrasound may lead to interest-
ing results in the synthesis of internally crosslinked
microspheres (that would become microgels in a suit-
able solvent). In a radiation-induced crosslinking po-
lymerization of diethyleneglycol dimethacrylate in
ethyl acetate, the action of ultrasound affects the size
and shape of formed particles, probably by promot-
ing interparticle interactions [77].

Intramolecular crosslinking of polymer chains:
monomer-free techniques

In most research work and applications, microgels
are synthesized using procedures based on polymeri-
zation processes starting from monomers as the ba-
sic substrates. This is, however, not the only possible
way. An alternative approach to the synthesis of mic-
rogels, in particular the nanogels of small size (typi-
cally < 0.1 µm), is intramolecular crosslinking of

individual macromolecules. An obvious and impor-
tant advantage of this method is the absence of mo-
nomer. This is of great value when the product is
intended for biomedical use, where even small quanti-
ties of residual monomer may be potentially harmful
and thus unacceptable. Furthermore, intramolecular
crosslinking may provide means to obtain crosslinked
structures of various molecular weight and size, in-
cluding very small structures, depending on the mo-
lecular weight of the parent polymer. Such nanogels
obtained from single macromolecules are interest-
ing physical forms of polymers as they are a sort of
"frozen" polymer coils of limited segmental mobil-
ity. One can also expect that a combination of intra-
and intermolecular crosslinking [78-80] will provide
a tool for synthesizing nanogels and microgels of
independently chosen molecular weight and dimen-
sions (various internal densities). Last but not least,
intramolecular crosslinking of individual macromole-
cules is an interesting reaction. A number of questi-
ons regarding this process, particularly its kinetics,
have not been answered yet [81-83].

Chemical intramolecular crosslinking

Intramolecular crosslinking, similarly as polyme-
rization, can be performed either as a thermally initiat-
ed chemical reaction or as a photo- or radiation-indu-
ced process. Chemical intramolecular crosslinking
of individual polymer chains can be achieved in at
least two ways. One is to prepare linear or branched
polymer with pendant reactive (e.g. vinyl) groups and
initialize the crosslinking by a suitable initiator. An-
other way does not require any special substrate pre-
paration (no polymerizable pendant groups needed).
It has been shown that intramolecular crosslinking of
single chains of water-soluble polymers can be car-
ried out by reacting them with a suitable crosslinking
agent in dilute solutions. The crosslinker must be
capable of reacting with the functional groups (−OH,
−COOH etc.) of the polymer, and should be at least
bi-functional. Synthesis is carried out in solution. Po-
lymer concentration must be chosen sufficiently low
to avoid intermolecular crosslinking, i.e. it must be
significantly lower than the coil overlap concentra-
tion. By varying the concentration of the crosslinker
one can influence the internal crosslink density.
Burchard et al. used this approach to synthesize in-
ternally crosslinked single macromolecules (nano-
gels) of poly(vinyl alcohol) with glutaraldehyde as
the crosslinker [84] and of poly(allylamine) cross-
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linked with 1,4-dimethoxybutane-1,4-diimine dihyd-
rochloride [85] (also [86,87]). Similar approach is
used to obtain microgels of polysaccharides.

Radiation-induced crosslinking

Synthesis of nano/microgels by intramolecular
crosslinking of individual polymer chains can be also
initiated by ionizing radiation. The main advantage
of this method is that it can be carried out in a pure
polymer/solvent system, free of any monomers, ini-
tiators, crosslinkers or any other additives, therefore
it seems to be especially well suited for the synthesis
of high-purity products for biomedical use. In this
approach, discussed in more detail below, pure aque-
ous solution of a polymer is subjected to a short (a
few microseconds), intense pulse of ionizing radiati-
on. In this way, many radicals are generated simulta-
neously along each polymer chain, and their intra-
molecular recombination leads to the formation of
nanogels. This approach has been first tested on neut-
ral water-soluble polymers: poly(vinyl alcohol) [82],
polyvinylpyrrolidone [88] and poly(vinyl methyl ether)
[89,90], and later expanded to poly(acrylic acid) as
an exemplary polyelectrolyte [83,91].

The main parameter influencing the competition
between inter- and intramolecular recombination of
polymer radicals in dilute solutions is the average
number of radicals present at each macromolecule at
the same time [81]. If this number, under the given
synthesis conditions, is much lower than 1, there is
only a meager chance that a radical will find a reac-
tion partner within the same chain. In such cases,
recombination is only possible between radicals lo-
calized on two separate macromolecules. On the other
hand, when there are tens of radicals present along
each chain, the probability of intramolecular encoun-
ters and reactions is higher than that of intermolecu-
lar ones. The latter processes are relatively slow, since
they require that two large entities – polymer coils –
diffuse towards each other.

In the case of the radiation-induced radical forma-
tion, these two opposite conditions, i.e. a very low or
very high number of radicals per chain, can be ful-
filled by means of a proper choice of irradiation con-
ditions. Continuous irradiation at a relatively low dose
rate, such as typical irradiation with gamma rays from
isotope sources, leads to a steady-state concentration
of polymer radicals in the order of 10-7 M. When the
concentration of polymer coils is significantly higher
than this value (this condition is usually easily ful-

filled), the average number of radicals per chain is
much lower than unity and intermolecular crosslink-
ing is observed. In order to promote intramolecular
crosslinking, short, intense pulses of radiation can
be employed, such as pulses of fast electrons from
an accelerator, generating radical concentrations in
the order of 10-4÷10-3 M. If the concentration of poly-
mer coils is low (that is to say, 10-6÷10-4 M), many
radicals are generated on each macromolecule (typi-
cally many tens or even over a hundred), and the
conditions for intramolecular recombination are ful-
filled. Certainly, this does not mean that intermolecu-
lar reactions are totally eliminated in such a case.
Some coils may come into contact before all the radi-
cals decay, and if there is an uneven number of radi-
cals on a chain, at least one of them must finally find
a reaction partner at a neighboring macromolecule.

The data on changes in molecular weight, viscosi-
ty and radius of gyration following the pulse-irradi-
ation of dilute polymer solutions clearly indicate that
strongly internally crosslinked nanogels are formed,
which, in comparison with the starting macromolecu-
les, have somewhat higher molecular weight but at the
same time significantly lower dimensions [82,83,88,
91]. While the main reason for the increase in mole-
cular weight is the intermolecular crosslinking occurr-
ing in the system with very low yields in parallel to
intramolecular recombination, the latter process is the
dominant reason for the reduction in coil dimensions.

A balance between inter- and intramolecular re-
combination of polymer radicals may be also main-
tained when continuous irradiation is used. Therefore
it is possible to synthesize microgels by crosslinking
in a solution using isotope sources, as has been experi-
mentally demonstrated and supported by simulations
for poly(vinyl alcohol) by Wang et al. [78-80,92].

Disruption of macroscopic networks

The idea of obtaining microscopic gel particles
by disrupting continuous "wall-to-wall" gels seems
to be conceptually the simplest of all synthetic appro-
aches, since the procedures used to obtain macrosco-
pic networks are usually simple, with less parameters
to be controlled than in the above described typical
microgel synthesis methods – there is no need to cont-
rol the micelle size or to observe the precautions ne-
cessary to avoid macrogelation. Disadvantages of this
"non-elegant" method are that the size distribution is
very broad (however for microgels in the scale of
many micrometers it can be reduced e.g. by using
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mechanical sieves), one cannot usually expect produc-
ing extremely small gel particles in this way nor ob-
taining products of a regular, spherical shape. On the
other hand, the disruption method may be of some
advantage for synthesizing microgel fractions of vari-
ous diameters, but precisely the same crosslink density
(since they are derived from one specimen of a mac-
roscopic gel) [93]. In the authors' laboratory this me-
thod is used routinely to fabricate large amounts of
coarse polyvinylpyrrolidone microgel of dimensions
below 50 µm, following radiation-induced synthesis
of macroscopic gel in the bulk [94]. A gel disruption
process has been reported to yield crosslinked poly-
saccharide microgels (of dimensions in the 100 nm
range), as one of the steps to construct polysaccharide/
phospholipide biovectors for drug delivery [95].

It should be noted that important final steps of
almost all synthetic procedures used to obtain micro-
gels are purification and drying. It has been clearly
demonstrated that drying methods and conditions
may have significant influence on the final structure
and properties of microgels [45,96].

Applications

Biomaterials

The possibilities of employing macroscopic poly-
mer gels as biomaterials, mostly in the form of hydro-
gels based on synthetic polymers, have been explored
since 1960's, when these materials were first synthe-
sized [1]. Since then, a number of products reached
the stage of commercial application, soft contact lens-
es, drug delivery systems and wound dressings being
the most widely known examples. Given the number
of research groups involved and progress being made
in this field, one may anticipate that in the future the
number of hydrogel-based biomedical products on
the market will be constantly increasing.

Broad, although not very recent publications on
the medical use of hydrogels are the collective works
edited by Peppas [2] and DeRossi et al. [97]. Park et
al. reviewed the narrower field of biodegradable
hydrogels [98]. Out of more recent books and book
chapters on this subject [99] provides more general
outlook, while the scope of ref. [100] is limited to
silicone-based hydrogels. For exemplary review pa-
pers on the medical applications of hydrogels, see
[3,101-108].

Although certainly the characteristics of hydrogels
differ from one to other formulation, a few common

properties can be listed that make these materials
suitable for biomedical applications. In their high
water content and hydrophilicity hydrogels are simi-
lar to tissues. They also mimic some properties of
soft tissues as reversible swelling and elasticity. Due
to their network structure they may be loaded with a
drug, which can be subsequently released at a con-
trolled rate. This rate can be adjusted, one of the main
factors being the mesh size. The latter parameter al-
lows also constructing semi-permeable membranes
or containers, for example an outer shell of a hybrid
artificial organ (an implant containing living cells)
allowing the transport of water, oxygen, nutrients and
enzymes, but being impermeable to larger entities as
immunoglobulins and other components of the immu-
ne system [109-111]. Due to their fair to excellent
biocompatibility, hydrogels are usually well tolerat-
ed as implants.

An example of a mature biomaterial technology
based on classical, homogeneous hydrogels is the lar-
ge-scale production of wound dressings, by a tech-
nique combining radiation-induced crosslinking of
polyvinylpyrrolidone and concomitant sterilization
of the final product [4,112]. A number of other prod-
ucts based on similar technology, e.g. systems for
local delivery of anticancer drugs and for induction
of childbirth, have successfully passed clinical tests
[103,111,113,114].

While "regular" hydrogels are already common
components of biomaterials, current efforts of the re-
searchers are now concentrated on the stimuli-sen-
sitive ("intelligent", "smart") gels [5,11,97,115-119].
These materials are able to respond to external stimuli,
such as temperature, pH, ionic strength, light, elect-
ric field or even to (selective) changes in the concen-
tration of a given chemical species. The latter property
can be used e.g. in glucose-responsive insulin-releas-
ing devices [120] or antigen-responsive systems
[121]. The response to the stimulus, being induced
by conformational changes of the polymer chain seg-
ments, usually manifests itself as a pronounced
change in the gel volume (strong contraction or ex-
pansion) and in the amount of bound liquid (decrease
or increase in the degree of swelling). Due to these
properties, stimuli-sensitive gels are tested for appli-
cations as sensors, actuators, chemical valves, con-
trollable or self-regulating drug-delivery systems or
even artificial muscles. Certainly, there is still some
gap between the artificial hydrogel fish that moves
by swinging its tail in a laboratory bath [122] or elect-
rically driven gel finger working in the air [123] and
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a future implementation of a hydrogel-based muscle,
but fast developments in the field of stimuli-sensi-
tive hydrogels allow to expect that biomaterials based
on these materials will be implemented very soon.

Microgels are also intensely studied with respect
to their biomedical applications (reviews: [9,11,117,
118,124-127], exemplary patents [128-132]. Of
course, the product range is different than that of mac-
roscopic gels, although there is a significant overlap
in the field of controlled drug delivery. The most
important microgel applications in the biomedical
field are: carriers for enzymes, antibodies etc. used
in diagnostics (e.g. immunoassays), drug carriers for
therapeutic purposes (local, controlled drug delivery),
and, potentially, microdevices, artificial biological flu-
ids and synthetic vectors for drug delivery.

Coupling microgels with selective biochemicals
leads to materials applicable in biological testing [9,
11,133]. This technique is used since some time with
solid nanospheres [125,133,134]. In some cases, in
comparative tests microgels performed better than
polystyrene-based microsphere supports, providing
testing material of higher sensitivity [135]. A typical
way of action of the microgel-based immunoassay is
based on an aggregation of antibody-bearing micro-
gels with the specific antigens. The large particles
formed in this way can be detected by microscopic
techniques. In a modified immunoassay, magnetic
microgels can be applied, containing encapsulated
polymer core with adsorbed magnetic nanoparticles
[128,136]. Magnetically labeled cells can be sepa-
rated from a cell mixture by applying magnetic field,
for example in a section of tubing in which the cell
mixture is flowing.

Albeit there is a broad field of potential biomedi-
cal applications of conventional microgels, a strong
tendency is observed to focus the research on com-
plex microgels and on stimuli-sensitive systems. The
preference for using stimuli-sensitive gels is even mo-
re pronounced for microgels than for the "wall-to-
wall" gels. One of the important reasons is much
shorter response time. While the reaction of macro-
scopic responsive gels to a stimulus is sometimes un-
acceptably slow (for example, when the molecules
of a chemical stimulus have to diffuse into the whole
volume of a gel slab), microgels, due to their small
dimensions and high surface-to-volume ratio respond
much faster.

Temperature-sensitive microgels are tested for
controlled binding of biomolecules. It has been shown
that poly(N-isopropylacrylamide) – pNIPAM – mic-

rogels can bind various proteins by physical sorpti-
on above the phase transition temperature (i.e. at ca.
40°C), and release them upon lowering the tempera-
ture to 25°C [137,138]. Proteins can be also cova-
lently bound to such gels, and their activity can be
controlled by temperature changes [139]. In complex
systems such as described by Yasui et al. [140], one
can achieve high enzyme activity within a defined,
relatively narrow (a few degrees) temperature range.
Pichot and co-workers demonstrated the possibility
of using thermo- and pH-responsive microgels for
binding nucleic acids [118,141]. It has been shown
that the interaction of temperature-sensitive microgels
with elements of the immune system like granulocy-
tes (foreign-body attacking cells) can be moderated
by changes in temperature [142]. It is worth noting
that the interaction of pNIPAM gel particles was
much weaker than that of polystyrene microspheres,
which may indicate that, in the context of attack by
immune system cells, these microgels have higher
biocompatibility than solid microspheres.

Thermosensitive microgels have been also tested
as drug carriers. The structure and hydrophilic/hydro-
phobic properties of the drug have been identified as
important factors influencing the phase transitions and
uptake/release characteristics of poly(N-vinyl capro-
lactam) gel particles [143]. In order to achieve the de-
sired release profile, composite microgels may be us-
ed, for example combined nonporous silica/pNIPAM
gels [144]. The rate of the thermally triggered drug
release may be then controlled by changing the com-
position of this hybrid product. Another interesting
example of a composite structure based on drug-load-
ed thermosensitive microgels is a wound dressing,
where drug-bearing pNIPAM gel particles are incor-
porated into a self-adhesive film [145]. The product
combines adhesive and temperature-controlled ab-
sorptive functions, and is easy to peel off after use.

Compositions containing poly(N-vinylcaprolac-
tam-co-sodium acrylate) microgels and gelatin un-
dergo a reversible macrogelation upon temperature
increase above ca. 32°C [146]. Such materials, liq-
uid (injectable) at R.T., but forming a gel at the tempe-
rature of human body, are considered for applications
in surgery and drug delivery.

Another group of responsive materials tested for
use as biomaterials are pH-sensitive and/or ionic-
strength-sensitive microgels. For these products, there
are at least two mechanisms allowing for controlled
drug delivery. One can load the gel particles with a
drug at a pH where the particles are fully swollen
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(expanded), trap it inside by a pH change leading to
the collapse of the microgel, and subsequently allow
the drug to diffuse out at a pH-controlled rate. Simi-
lar mechanism applies as well to the systems where
ionic strength is the stimulus for expansion and col-
lapse, or where both pH and ionic strength effects
are operating. Another mechanism is pH-dependent
reversible ionic binding of drugs. Drug- and protein
binding and release from anionic microgels have been
studied e.g. by Eichenbaum et al. [147,148] and
Soppimath et al. [149], while Vinogradov et al. [132,
150,151] described the synthesis and properties of
some cationic systems.

Sophisticated drug-delivery system, mimicking
the action of secretory granules, has been constructed
by Kiser et al. [152-154]. The core is an anionic
microgel particle based on methacrylic acid, loaded
with a drug. Subsequently, by lowering pH, a col-
lapse of the microgel is induced. In this form, the
particle is coated with a lipid bilayer, to simulate the
natural secretory granule and to protect the particle
from premature swelling. Poration of the lipid bi-
layer (e.g. by applying electric field) causes the gel
to swell, allowing release of the drug. A different
synthetic procedure leading to similar systems is
based on encapsulation of hydrogel-forming com-
ponents into liposomes and subsequent polymeriza-
tion [155]. Further example of this kind is a group of
products intended for drug delivery of vaccine for-
mulations, consisting of crosslinked polysaccharide
microgel core surrounded by a lipid bilayer [95].

A pH-sensitive microgel preparation based on
poly(methacrylic acid-co-ethyl acrylate) has been
devised for oral delivery of a novel drug being a HIV-
1 protease inhibitor [156]. It has been demonstrated
that the absorption of this poorly water soluble drug
from the tested system was much better than from
the suspension of a free drug.

Solid sustained release devices for oral delivery
of drugs can be obtained by compressing microgels.
Such a system based on polyurethane microgels has
been shown to retain its integral structure but become
microporous on swelling with water [131].

Microgels can be functionalized not only by coup-
ling them with biomolecules, but also by molecular
imprinting. This process leads to microgels bearing
structural binding sites specific to target molecules.
A general procedure of molecular imprinting of a po-
lymer is as follows. Monomers being in contact with
a template molecule are polymerized and crosslinked,
the template is removed and the polymer network

contains a complementary binding site able to rebind
the same template or analogous molecules. Ye et al.
and Biffis et al. demonstrated the applicability of this
procedure for synthesizing molecularly imprinted
microgels and proved their binding performance [23,
24,157].

Stability of shape and dimensions of microgels
when compared with linear polymer chains may be
helpful in their potential use for blocking dental mic-
rochannels in cases when there is a need to use a syn-
thetic substitute for the natural gel-like substance
performing this function [158].

An interesting and potentially valuable property
of microgels is their enhanced resistance against deg-
radation when compared to linear macromolecules
[107,159]. As a result of any intense or long-lasting
stimulus inducing chain breakage (a mechanochemi-
cal action, ultrasound, the formation of peroxyl radi-
cals along the chain etc.), a linear macromolecule is
easily degraded to short fragments. The same num-
ber of chain breaks formed in a microgel may cause
no or very little fragmentation, since the chain seg-
ments are linked together in many points and will
not fall apart as a result of a single chain break.

The above described effect has been demonstrated
on microgels of poly(acrylic acid) – PAA [91,160].
Aqueous solutions of linear chains and microgels of
PAA were subjected to the action of ionizing radiati-
on in the presence of oxygen. Under such conditions,
no crosslinking takes place in the system. Initially
formed carbon-centered radicals are rapidly con-
verted into the corresponding peroxyl radicals, which
in turn initiate processes leading to chain scission.
As the concentrations of linear and crosslinked chains
of similar average molecular weight were identical,
the yield of scission events should be equal for both
samples. However, the changes in molecular weight
and in the radius of gyration in the case of linear and
microgel PAA revealed striking differences. While
linear PAA is easily degraded even at relatively low
doses, which is evidenced by parallel decrease in
weight-average molecular weight and radius of gy-
ration, microgels, within the same dose range, seem
to remain intact, their molecular weight and radius
of gyration being constant.

This degradation-resistance combined with suitab-
le rheological properties may be used in fabricating
materials for medical applications. A commercialized
example of such a product is a polymer drug based
on microgels of a natural polysaccharide used to en-
hance the viscoelasctic performance of malignant
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synovial fluid [161]. These macromolecules are sub-
jected to mechanochemical stress and to the attack
of reactive oxygen species, mainly free radicals. It
has been shown that under such conditions internally
crosslinked macromolecules perform better than the
corresponding linear ones [162]. Preliminary tests on
a substitute synovial fluid containing microgels made
of a synthetic polymer proved the high degradation
resistance and proper viscoelastic properties of this
product [163].

First tests have been performed on the applica-
tion of microgels as synthetic, non-virial vectors in
gene delivery. The latter is regarded as a powerful
tool for curing some hereditary diseases and treating
genetically based disorders. Certainly, the issue is a
very complex one, since such vectors must be ca-
pable of performing many processes as binding DNA
fragments, attachment to cells, internalization, and
intracellular plasmid release. First attempts of using
microgel-like structures for gene delivery were based
mainly on chitosan, but synthetic structures based
on 2-(dimethylamino)ethyl methacrylate, N-vinyl-
pyrrolidone and N-isoporpylacrylamide have been
tested as well, with promising results [126].

There are also projects to design microgel-based
intravenous drug carriers that could remain in blood
for a suitable period of time, facilitate the cellular
uptake and possibly also selectively deliver the drug
to a target site. Animal tests have shown that by vary-
ing properties of such structures (chemical compositi-
on, hydrophilicity) one can change the biodistribution
patterns of the microgels and that drug-loaded micro-
gels were more efficient than equivalent concentra-
tions of free drug in curing melanoma in mice [126].

Some further perspectives in the application of
nano- and micro-sized particles and devices in drug
delivery are discussed in ref. [127].

Coatings

When actual, large-scale applications of microgels
are concerned, the surface coatings industry seems
to be the most prominent field. Hundreds of research
papers published and patents issued (for a few repre-
sentative examples see [164-180]) dealing with mic-
rogel-containing coatings emphasize the significance
of this application. The interest in the use of microgels
as components of coatings originated mainly from
environment protection needs and regulations. In
order to reduce the amount of volatile organic com-
pounds in the coating formulations, the manufactu-

rers tend to increase the total solid content. This is,
however, problematic if polymer components of a
given molecular weight range are used in binders,
since the viscosity of formulations becomes too high.
When microgels are used, viscosity can be maintained
at a desired level. Another approach besides the high-
solid products is to use water-borne coating systems.
Microgels can be used both in solvent-borne and wa-
ter-borne coating products. Besides their advantage-
ous rheological properties, they often exert reinforcing
effect on the cured coating. The use of microgels in
coating technologies has been the subject of concise
but informative reviews [9,181] (see also book chap-
ters in [182,183]).

Microgel-containing solutions and dispersions are
usually characterized by pseudoplastic, strongly non-
Newtonian rheological properties. They are highly
viscous at low shear rate (they don't flow at a zero
shear rate), but their viscosity decreases remarkably
with increasing shear rate. This is in a perfect accor-
dance with the needs for a typical paint application
process. In the storage tank (no or low shear rate) the
viscosity should be high to prevent pigment settling,
during the gun-spraying (high shear rate) low vis-
cosity is desired, and at the object surface (no or low
shear rate again) viscosity should increase rapidly so
that no sagging effect occurs, even for films of high
thickness. Another useful property of microgels is
their positive influence on the orientation of flake
pigments in metal effect coatings.

Microgels have also positive influence on the me-
chanical properties of cured paint films as stone chip
resistance, impact flexibility and elasticity. This is
attributed to the crosslinked polymer structure, high
molecular weight of gel particles and the microhete-
rogeneous structure of the microgel-containing poly-
mer film that probably allow the impact energy to be
more efficiently dissipated [181].

In the automotive industry, the primer coating
layer is often applied by electrodeposition. It has been
shown that compositions containing amine-based ca-
tionic microgels, mostly in the form of aqueous dis-
persions, can be used for electrocoating [184,185].

Problems that have been recently investigated
with respect to the use of microgels in coatings in-
clude deeper understanding of the relationship bet-
ween microgel structure and rheological properties
(and ways to adjust the latter) [186], the influence of
substrate composition and synthetic procedures on
the shelf stability of the product and affinity between
microgels and pigments [187], influence of microgels
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on the drying time [44] and ability to form films suit-
able for drying at ambient temperatures [188].

Microgels can be used not only as constituents of
regular coatings, but also as self-adsorbing and self-
organizing film-forming layers for protecting metal
surfaces against corrosion. It has been shown that
core-shell microgels based on styrene, butyl acryla-
te and phosphate-substituted acrylates form a layer
of a structured molecular order on a surface of techni-
cal aluminum and provide efficient protection against
corrosion in standard tests [189,190].

Albeit the use of synthetic microgels in coatings
started in the late 1960's [191] or, depending on what
we consider as true microgel, perhaps rather in the
1970's [192,193], one should mention that physical
and chemical studies on a highly durable ancient ori-
ental lacquer used in Asia since millennia revealed a
structure containing self-formed, natural core-shell-
like microgel particles [194].

Miscellaneous

Besides their applications in coatings (biggest
market) and in biomaterials (perhaps the most prom-
ising direction for the future), microgels are used or
tested for use in a number of other fields.

Besides large-scale use of microgels in coating
industry, similar properties make them interesting for
the manufacturers of cosmetics, namely nail varnishes
[195,196]. In varnishes based on organic solvents,
organophilic clays are used to prevent pigment sedi-
mentation. These compounds, however, exert some
unwanted side effects and usually require toluene as
a component of the formulation. The presence of mic-
rogels allows reducing or eliminating the use of clays,
while maintaining the proper rheological properties
of the varnish and preventing the precipitation of the
pigments.

Historically one of the first applications of micro-
gels was in the papermaking [197-199]. In manufac-
turing quality products starch and other polysaccha-
rides used as paper and paperboard sizes may be
replaced with poly(vinyl alcohol) (PVAL) for better
performance. It has been demonstrated that microgels
of PVAL show clear advantages over the same poly-
mer in a linear form, e.g. they have lower tendency
to penetrate into paper, which is an undesirable effect.

Microgels can be a valuable component of fibers.
An exemplary application is the admixture of vi-
nylidene chloride gels to an acrylic fiber, significantly
improving the flame retardancy [200]. Similar gels

have been shown to improve load-bearing properti-
es and flame retardancy of polyurethane foams [201].

Microgels can be also applied as supports in ca-
talysis. Organo-aluminum compounds coupled to
organopolysiloxane microgel particles serve as co-
catalysts in the polymerization of olefins [202,203].
By using microgel-supported catalyst, a homoge-
neous catalysis in a flow reactor may be carried out.
If the inlet and outlet of the reactor are equipped with
membranes that the gel particles cannot pass, the re-
actants are in a constant flow but the catalyst remains
in the reactor, despite it is present in a nearly mo-
lecular dispersion.

Particular rheological properties as well as higher
mechanochemical resistance of microgel solutions
when compared to the solutions of linear chains are
the basis of their applications in the fields of liquid
thickening, oil recovery and hydraulics. Solutions of
relatively inexpensive polyacrylamide-based mic-
rogels are used as thickening agents and agents for
restricting the flow of liquids through subterranean
formations [204]. Microgel solutions can be applied
as a non-Newtonian, shear-resistant, non-leaking hy-
draulic fluid for hydraulic energy transmission sys-
tems and devices absorbing mechanical energy (liquid
springs, shock absorbers) [205].

Due to their swelling and water-retaining proper-
ties, hydrophilic microgels have been postulated and
tested, with good results, for use as soil conditioners
[206-208].

An extensively tested and potentially broad field
of microgel application is in printing and photo-
graphic technology. Since the rheological properties
of microgel can be tailored to meet specific needs (a
sophisticated method of viscosity adjustment may be
varying the hair length of a core-hair type microgels),
they may be useful in liquid photopolymer formula-
tions used to cover the screen in the screen printing
technique [209]. Incorporation of microgels in the
photosensitive layer of a kind of modern lithographic
plates leads to a product that can be developed di-
rectly on a printing press, without a post-exposure
wet development step [210]. This technology allows
saving time and labor as well as reduced the use of
volatile organic compounds. Another technology has
been elaborated to obtain printing plates for flexo-
graphic printing [211,212]. Microgel-based photosen-
sitive resin allows the plates to be water-developable,
thus eliminating the use of harmful halogen-contain-
ing solvents used to develop the plates in a conventio-
nal technique. A variety of photosensitive composi-
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tions for use in printing and manufacture of printed
circuit boards employ microgels to enhance physical
properties, eliminate cold flow, improve storage sta-
bility, enhance photospeed and to render these mate-
rials the suitability for water-processing [213-216].

Some inks and electrographic liquid developers
contain finely dispersed microparticles of magnetic
substances. Several problem have to be overcome in
producing these "magnetic fluids", one the most im-
portant being the poor dispersion stability. This can
be significantly improved when incorporating these
solid microparticles, during synthesis, into polymeric
microgels [217].

Macroscopic polymer gels can be made photosen-
sitive, not only by introducing chromophores that un-
dergo permanent changes (e.g. crosslinking) upon ir-
radiation, but also by incorporating structures that
enable reversible photochemical switching of proper-
ties (reversible crosslinking) [218]. This indicates that
also microgels themselves can be turned into photo-
sensitive materials, either by using suitable mono-
mers or by post-synthesis modification. In fact, cou-
marin-containing organosilicon microgels have been
demonstrated to undergo photoinduced cluster forma-
tion [219]. So far, most often microgels are used in
photography and imaging as auxiliary substances,
either as binding agents improving the physical prop-
erties of the film layers, or as additives that help to
incorporate the photographically active or other (e.g.
antistatic) substances into the photographic layers
[220,221].

Debord et al. have demonstrated that relatively
simple microgels made of poly(N-isopropylacryl-
amide) can be manipulated to form colloidal crystals
of specific colors depending on the fabrication pa-
rameters [222]. In another approach, polymeric nano-
spheres are incorporated into a stimuli-sensitive
hydrogel [223]. Under the action of a chemical stimu-
lus, the distances between the nanospheres can be
varied, thus causing shifts the wavelength of the
Bragg peak of the diffracted light. This leads to the
changes in color of the specimen. It is expected that
such colloidal crystals can find a wide range of ap-
plications in photonics and chemical sensing.

One may expect that in the near future interesting
applications will be found for the recently described
electrically conducting microgels based on pyrrole
and aniline polymers bound to a gel core [224]. The
products have promising properties in the aspects of
electrical conduction, electromagnetic frequency in-
terference shielding and electrostatic prevention.

Sorption and binding of a variety of compounds
is an intensely studied application field of polymer
gels. Most of research in this area concerns the use
of hydrogels. Exemplary applications of macroscopic
hydrogels being investigated, besides drug-delivery
systems described in "Biomaterials" section, include
e.g. binding of metal ions [225], selective removing
of pollutants (arsenate and selenite [226], textile dyes
[227], organic substances [228]) or collecting uranyl
ions from seawater [229]. Reversible sorption of
water by hydrogels is tested for an application in
sludge dewatering [230].

A number of studies revealed the potential appli-
cation of microgels in metal ion binding and ion ex-
change. An advantage of using micro- instead of
macrogels is primarily the binding kinetics – in mic-
rogels the binding groups are easily accessible, in
contrast to most macroscopic gel structures, where
considerable time is needed for the substrates to dif-
fuse into the gel volume. Gel particles bearing car-
boxylate groups bind divalent alkali earth cations
(Mg2+, Ca2+, Sr2+, Ba2+) more effectively than mono-
valent cations (as Na+) [231]. Binding of calcium ions
has been studied in more detail [146,232]. Other stud-
ies have shown that there may be a pronounced se-
lectivity in binding divalent metal ions. For example,
binding of Hg2+ cations by poly(N-vinylcaprolactam-
co-sodium acrylate) microgels is much stronger than
binging of Cu2+ and divalent alkali metal ions [233].
Strong, albeit reversible, binding of Pb2+ by microgels
of poly(N-isopropylacrylamide-co-sodium acrylate)
has been reported as well [234,235]. These observa-
tions indicate that microgel-based systems may be
used for selective ion binding.

One of the most fascinating prospective uses of
stimuli-microgels is in microdevices and microma-
chinery. Due to their fast response time, they may be
for example used as self-regulated, pH- or temperatu-
re-controlled microvalves. Contrary to conventional
microactuators (electromagnetic, electrostatic, ther-
mopneumatic etc.), microgel-based valves are simple
and do not require external power for operation. Fully
operational exemplary devices of this kind, having
short response times, have been recently presented
by Beebe et al. [236].

Microgels can be used as building bricks for con-
structing complex polymer structures and materials.
A simple example may be a fabrication of a polymer
material (foil, coating, etc.) of well-developed, rough
(in the microscale) surface. This may be carried out
just by casting a foil from a microgel solution. Such
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a surface, even after drying and collapse of microgels
due to a loss of solvent remains structured, when com-
pared to analogous sample obtained from solution of
linear chains of the same polymer [91].
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