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Preface

Modern concepts in polymer chemistry are based on complex molecular architec-
tures. In this way, some new functions such as self-organisation, adaptability and
self-healing can be realised in synthetic materials of different dimensions and com-
plexity. Colloidal polymer networks (nano- or microgels) are unique 3-D polymer
structures with tuneable properties and enormous application potential.

The term microgels has been mentioned in the literature already in the 1930 by
Hermann Staudinger and mainly discussed for rubber gel particles. The recent de-
velopments indicate that the majority of the currently investigated microgel systems
are operating in aqueous phase. The progress in chemical design and understanding
of physico-chemical properties of microgels resulted in numerous chemical, medi-
cal and technical applications such as catalyst supports, delivery vehicles, adhesives,
flocculants, sequestrants and sensors.

The major purpose of this book is to give a description of the advances made
during the past two decades in the synthesis of aqueous microgels. The chemical
design of microgel particles from molecular building blocks is the key for their
functionalization and finally for successful application in different systems.

This volume is primarily concerned with the synthetic techniques for the prepa-
ration of aqueous polymer microgels having different architecture, chemical com-
position, size, surface charge and swelling but also demonstrates how sophisticated
techniques enable the analysis of the complex structure of functional microgels.

Summer 2010 Andrij Pich
Walter Richtering
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Microgels by Precipitation Polymerization:
Synthesis, Characterization,
and Functionalization

Andrij Pich and Walter Richtering

Abstract This chapter reviews recent work on the synthesis of aqueous microgel
particles by precipitation polymerization. Precipitation polymerization allows flex-
ible control over important physicochemical properties of aqueous microgels, such
as size distribution, surface charge, chemical composition, and microstructure. The
microgel systems discussed in this review are mainly based on poly(N-isopropyl
acrylamide) and poly(N-vinylcaprolactam) due to their ability to react to exter-
nal stimuli such as the pH or temperature of the surrounding medium. We discuss
synthetic routes to obtain microgels based on homo- or copolymers as well as col-
loids with complex core—shell morphology. The functionalization of microgels is
of crucial importance from the application point of view. Different routes for in-
corporation of functional groups, synthetic polymers, proteins, or nanoparticles in
microgel structures are discussed.

Keywords Microgels - Precipitation polymerization - Sensitivity - Swelling
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1 Introduction

Aqueous colloidal microgels are an important subdivision of polymer colloids.
Microgels find useful applications in different areas such as coatings, agriculture,
and medicine. In the last decade, numerous microgel systems have been developed.
The preparation and characterization of microgel particles has been described in the
reviews of Park and Hoffman [1], and of Pelton [2]. These papers give an excel-
lent overview of the microgel field as well as a basic understanding of the microgel
particles, and their synthesis and behavior in dispersed media. Recently, numerous
reviews on microgel synthesis [3], characterization [4, 5], and modification [6, 7],
and on their application in drug delivery [8], design of biomaterials [9], and de-
velopment of sensors [10] have been published, thus showing the potential of the
microgels in different fields of science and technology.

There is no universal definition of microgels; however, some special properties
can be described. Aqueous microgels are mostly spherical particles with average
diameter of 50-10um and, similarly to latex particles, can be characterized by a
certain particle size distribution (PSD). Similarly to latex particles, microgels are
stabilized in continuous medium and form stable dispersions. Another character-
istic feature of microgels is the average crosslink density and degree of swelling.
The swelling degree depends upon the interplay between polymer—polymer and
polymer—water interactions and, additionally, numerous factors such as tempera-
ture, pH, and ionic strength influence the behavior of polymer chains inside the
microgel. By taking into account these features, aqueous microgels can be consid-
ered as porous crosslinked polymeric particles that swell in water and adjust their
dimensions, density, and related properties according to the surrounding conditions
(Fig. 1).

Fig. 1 SEM image of single - 4 .00k _
PNIPAAm microgel particle o5 95
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The application of stimuli-sensitive polymers in the design of microgels is quite
interesting from an application point of view. One of the widely studied stimuli-
sensitive polymers is poly(N-isopropylacrylamide) (PNIPAAm) [11]. This polymer
exhibits endothermic entropy-driven phase transition in water [12]. PNIPAAm
forms hydrogen bonds to water through the amide side chains. At the same time,
the isopropyl group induces hydrophobic structuring of the water and this leads
to entropy-controlled polymer—polymer interactions. If the solvent—polymer inter-
actions are stronger than the polymer—polymer interactions, the PNIPAAm chains
exhibit a random-coil structure. If the hydrogen bonds to water break (due to tem-
perature increase), the release of structured water takes place and polymer—polymer
interactions become dominant, leading to coil-globule transition. The temperature
at which the phase separation takes place is called the lower critical solution tem-
perature (LCST). The microgels consisting of crosslinked PNIPAAm chains exhibit
thermoresponsive behavior and a volume phase transition temperature (VPTT) close
to the LCST of non-crosslinked PNIPAAm chains [13]. PNIPA Am-based microgels
swell if the temperature is below VPTT and shrink if the temperature increases
above VPTT. In this fashion, stimuli-sensitive microgels can be prepared in which
the solvation of polymer chains can be reversibly triggered by influencing the bal-
ance between solvent—solvent, solvent—polymer, and polymer—polymer interactions
due to the change of temperature, pH, ionic strength, solvent composition, etc.

2 Microgel Synthesis

Present and future microgel applications require a high degree of control over micro-
gel properties. Basically, the techniques used for the preparation of “bulk hydrogels”
can be applied to microgel synthesis. However, in the case of microgels some special
aspects play important roles. It is of interest to control the size and PSD of microgel
particles during the preparation process. The colloidal stability of microgel systems
is important, and microgels should be effectively stabilized in aqueous medium to
avoid aggregation and precipitation. Finally, selective incorporation of functional
groups in the microgel core or corona is a big challenge. To give a brief overview of
available techniques for microgel synthesis we will summarize the existing methods
for the preparation of microgels.

2.1 Synthetic Routes

The various synthetic strategies for the preparation of aqueous microgels can be di-
vided into three groups: (1) physical self-assembly or crosslinking of prepolymers
in homogeneous phase or in microdroplets; (2) polymerization of monomers in ho-
mogeneous phase or in microdroplets; and (3) photolithographic techniques.

The homogeneous gelation method was used for the preparation of chitosan-
based microgels in water. Reversible physical crosslinking of chitosan and
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polyethyleneimine [14] or tripolyphosphate [15-17] based on electrostatic
interactions led to formation of pH-sensitive microgels. The carbodiimide cou-
pling reaction between chitosan and poly(ethylene glycol) (PEG) dicarboxylic
acid resulted in formation of chemically crosslinked microgels with a diameter of
50-120nm [18].

The physical or chemical crosslinking of polymers can be also realized in water-
in-oil (W/O) emulsion systems. In this case, aqueous droplets of prepolymers are
stabilized by oil-soluble surfactants in a continuous oil phase. Hyaluronan-based
microgels were prepared by crosslinking of carboxylic units of hyaluronan with
adipic dihydrazide in aqueous droplets [19]. Chitosan-based microgels were pre-
pared by crosslinking of chitosan chains with glutaraldehyde in aqueous droplets
[20-25].

Membrane emulsification techniques allow preparation of highly monodisperse
microgel particles. The Shirasu porous glass (SPG) membrane with a pore size of
0.1-18 um was used to prepare uniformly sized water droplets containing chitosan
in organic solvent, and polymer chains were crosslinked by glutaraldehyde [26].

Microfluidic techniques have been recently used for the synthesis of microgel
particles with dimensions of 1-30um. In these methods, microfluidic devices are
used that provide emulsification of polymer solutions followed by physical [27, 28]
or chemical [29] crosslinking.

Microgels can be prepared by heterophase polymerization (free radical or con-
trolled radical) of monomers in the presence of a crosslinking agent in aqueous
phase. Heterophase polymerization techniques suitable for microgel synthesis are
precipitation polymerization and inverse mini- and microemulsion.

During precipitation polymerization, all ingredients are dissolved in a solvent
(water) to form a homogeneous mixture in which initiation of polymerization takes
place. The formed polymers are transformed into a collapsed state because the re-
action temperature is far above VPTT (for example in the case of PNIPAAm) and
become crosslinked by crosslinker molecules to form a colloidal polymer network
or microgel. This technique has been widely used for the synthesis of thermosensi-
tive PNIPAAm [30-35] and poly(N-vinylcaprolactam) (PVCL) [36] microgels.

The W/O emulsion methods involve polymerization of monomers in the pres-
ence of crosslinker in aqueous droplets. In the case of miniemulsion polymerization,
aqueous droplets are generated by sonication of the two-phase mixture and be-
come stabilized in organic solvent by oil-soluble surfactants. The kinetically stable
emulsion is usually formed at a surfactant concentration below or near its critical
micellar concentration (CMC). This technique has been successfully used for the
preparation of hollow PNIPAAm microspheres [37], or PNIPAAm microgels func-
tionalized by acrylic acid [38]. The size of the microgels varied between 150 and
300 nm. By inverse microemulsion polymerization, thermodynamically stable emul-
sions are formed. This requires use of a large amount of oil-soluble surfactant in a
continuous organic medium. Usually, microgels prepared by this technique have a
diameter of less than 100 nm. Microemulsion polymerization was used to prepare
PNIPAAm [39, 40], polyacrylamide (PAAm) [41-43], or poly(vinylpyrolidone)
(PVP) [44, 45] microgels. Microgel preparation by polymerization of monomers can
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be also realized in aqueous droplets prepared by use of membrane emulsification or
microfluidic devices, as mentioned above. Alternatively, microgel formation in W/O
systems can also be realized by polyaddition reactions between reactive multifunc-
tional prepolymers [46]. In this case, the use of crosslinker is not required.

Recently it has been shown that hydrogel layers of variable thickness can be pre-
pared on solid substrates by photolithographic technique [47]. The technique called
“PRINT” (particle replication in non-wetting templates) [48, 49] utilizes elastomeric
molds from a low surface energy perfluoropolyether network. The molds prevent the
formation of an interconnecting film between molded objects and allow production
of monodisperse microgel particles of different sizes, shapes, compositions, and
surface functionalities.

2.2 Precipitation Polymerization

Precipitation polymerization is probably the most frequently used technique for
microgel synthesis. This method is very powerful for the preparation of thermosen-
sitive microgels. In such systems, all ingredients are dissolved in water, including
the monomer(s), crosslinker, and initiator. The formation of microgel particles
occurs by a homogeneous nucleation mechanism. At polymerization temperature
(50-70°C), water-soluble initiator (peroxide- or azo-based compound) decomposes
to produce free radicals. In the case of persulfate, initiator decomposition leads to
the formation of sulfate radicals that attack water-soluble monomers followed by
radical propagation and chain growth. If NIPAAm or VCL are used, the growing
polymer chains collapse if they reach a critical length and form precursor parti-
cles. This occurs because the polymerization temperature is far above the LCST of
formed polymers.

The precursor particles can grow by different mechanisms. Precursor particles
can (1) aggregate to form a large colloidally stable polymer particle; (2) deposit on
the surface of existing polymer particles; or (3) grow by addition of monomers or
macroradicals. Once microgel particles reach the critical size they become stabilized
by an electrostatic stabilization mechanism. The charges originate from the initiator
fragments (sulfate groups) incorporated into polymer chains during the nucleation
and growth process. At this stage, microgel particles are in a collapsed state but
still contain a lot of water. This is a principal difference between precipitation poly-
merization and classical emulsion polymerization of water-insoluble monomers like
styrene or butyl acrylate, where latex particles with compact structure are formed
during the polymerization process [50]. When the polymerization is completed and
the reaction mixture cools down to room temperature, microgel particles swell (tem-
perature below VPTT of polymer chains) and develop a “hairy” morphology. At
temperatures below VPTT, microgels are stabilized by steric mechanisms due to
the formation of hydrogen bonds between polymer segments and water molecules.
Figure 2 shows a simplified mechanism for precipitation polymerization.
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oligoradicals precursor growing
particles particles

Fig. 2 Microgel formation by precipitation polymerization

The precipitation polymerization technique was first utilized by Philip Chibante
in 1978 for preparation of PNIPAAm microgels [2, 51, 52]. In the case where
NIPAAm or VCL are used, the use of crosslinking agent is necessary to prevent
the microgel from dissolving in water at low temperatures. However, several reports
indicate that PNIPAAm chains can undergo “self-crosslinking” by chain-transfer
reactions and that microgels can be prepared without use of crosslinking agent
[53, 54]. During precipitation polymerization of hydrophilic monomers such as
NIPAAm or VCL, a significant amount of non-crosslinked polymer chains can be
formed. Additional cleaning of microgel samples by dialysis, centrifugation, and
redispergation in water helps to remove the sol fraction.

The precipitation polymerization is a versatile technique and offers several ad-
vantages for the preparation of aqueous microgels:

1. The polymerization process can be carried out as a batch, semibatch, or continu-
ous process. This offers the possibility to optimize reaction conditions and obtain
microgels with desired properties.

2. Microgel size can be controlled over a broad range (from 100 nm to 3 um) by the

use of surfactants or co-monomers.

. Microgel particles with narrow PSD can be obtained.

4. Different co-monomers can be integrated into the microgel network during the
polymerization process.

5. Hybrid colloids can be prepared by encapsulation of nanoparticles (NPs) during
microgel formation.

W

However, precipitation polymerization has some limitations:

1. Due to the high polymerization temperature, only thermostabile materials can be
used; therefore the incorporation of biomacromolecules is not possible.

2. It is difficult to prepare very small microgels (nanogels) with size below 50 nm
without use of additional stabilizing agents.

3. Formation of sol fraction during the polymerization process can be a problem.
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2.2.1 Homopolymer-Based Microgels
Surfactant-Free Synthesis

The surfactant-free synthesis of aqueous temperature-sensitive microgels was
pioneered by the Pelton’s group [52]. Monodisperse PNIPAAm microgels were
obtained by using persulfate initiator and N, N’-methylene bisacrylamide (BIS)
as crosslinker. Freitag and coworkers reported surfactant-free synthesis of ther-
moresponsive poly(N,N’-diethylacrylamide) (PNDEAm) microgels [55]. In their
study, the influence of the stirring rate on the microgel size was investigated. The
microgel size decreased with increased stirring rate for the reference PNIPAAm
system (from 1110 to 886 nm); however, no significant effect was detected for the
PNDEAm system (microgel size around 870 nm).

Imaz et al. [56] reported surfactant-free synthesis of PVCL microgels in aque-
ous phase in the presence of persulfate as initiator. The authors reported that the
microgel particles possessed a size of 350 nm in swollen state below VPTT.

The variation of the crosslinker type used for the synthesis of temperature-
sensitive microgels gives an additional possibility for influencing their size
and swelling properties under surfactant-free conditions. Helweg and cowork-
ers reported preparation of PNIPAAm microgels in a surfactant-free system by
using different crosslinkers with ethyleneglycol dimethacrylate (EGDMA) and tri-
ethyleneglycol dimethacrylate (TREGDMA) [57]. Conventional crosslinker BIS
was used as a reference. The obtained microgel particles were of hydrodynamic
radius (Ry) 273, 356, and 444 nm for BIS-, EGDMA-, and TREGDMA -crosslinked
microgels, respectively. The authors noticed significantly lower polydispersity and
larger swelling degree in the case of microgels prepared with ethylene-glycol-based
crosslinkers. The authors explain the difference in size and stronger swelling of
microgels by the higher flexibility of ethylene-glycol-based crosslinkers compared
to BIS.

Elaissari and coworkers reported synthesis of poly(N-ethylmethacrylamide)
(PNEMAM) microgels by using various crosslinkers exhibiting different solubil-
ity in water, namely tetraethylene glycol dimethacrylate (TEGMA) (41 mmolL 1),
EGDMA (5.441 mmolL™!), 1,3-butanediol dimethacrylate (1,3-BDDMA)
(0.8mmolL "), and 1,4-butanediol dimethacrylate (1,4-BDDMA) (0.441 mmolL™ l)
[58]. The authors reported that the VPTT of obtained microgels was not influenced
by the crosslinker type, but that the R, of colloids increased with the water-
solubility of the crosslinker (320, 350, 370, and 430 nm for TEGDMA-, EGDMA-,
1,3-BDDMA-, and 1,4-BDDMA microgels, respectively).

Hydrophilic crosslinking agents glycerol dimethacrylate (GDMA), pentaerythri-
tol triacrylate (PETA), and pentaerythritol propoxylate triacrylate (PEPTA) were
used for synthesis of submicron PNIPAAm microgels [59]. Both the average size
and swelling degree of microgel particles were lower in the case of crosslinking
agents having three acrylate units than with GDMA.

A new synthetic protocol for the synthesis of large diameter (2.5-5um),
temperature-, and pH-responsive microgels via aqueous surfactant-free radical
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precipitation copolymerization was presented by Lyon’s group [60]. It has been
reported that in the size range, which is not typically attainable using traditional
dispersion polymerization approaches, excellent monodispersity and size control
are achieved when the synthesis employs a programmed temperature ramp from
45°C to 65°C during the nucleation stage of the polymerization. Combined kinetic
and thermodynamic hypotheses for large particle formation under these conditions
were described. The obtained microgels exhibited similar behavior (temperature
and pH sensitivity) to particles prepared via more conventional routes.

Surfactant-Stabilized Microgels

In the case of temperature-sensitive microgels based on PNIPAAm or PVCL, the
surfactant-free method is limited in the sense of particle size variation. To pre-
pare small microgels, the growing precursor particles must be effectively stabilized
at early stages of the polymerization process. The stabilization provided by ionic
initiator residues incorporated into polymer chains is not sufficient to stabilize the
extremely large surface area of small precursor particles. In this case, a surfactant
can be added to the reaction mixture to stabilize precursor particles and minimize
their growth by aggregation. This leads finally to the reduction of microgel size.

Pelton and coworkers showed that the size of PNIPAAm microgels decreases by a
factor of 10 if sodium dodecyl sulfate (SDS) is used in the polymerization procedure
[61]. Lyon’s group used SDS for stabilization of PNIPAAm microgels prepared with
PEG diacrylates of different PEG chain length [62]. To investigate the influence of
polymerization conditions on internal structure of PNIPAAm microgels, SDS was
used in batch and semibatch polymerization processes [63].

Boyko and coworkers reported use of poly(vinyl alcohol) (PVA) with different
molecular weights for steric stabilization of PVCL microgels [64]. In this system,
the Ry, of temperature-sensitive PVCL microgels decreased from 280 to 180 nm with
increased PVA concentration in the reaction system from 2 to 10gL~! (Fig. 3). The
colloidal stability of the PVCL microgels was improved with PVA of lower molec-
ular weight and lower degree of hydrolysis.

2.2.2 Copolymer-Based Microgels

A good alternative to the use of stabilizers (LMM surfactants or polymeric ten-
sides) during preparation of aqueous microgels is the use of reactive functional
co-monomers in combination with NIPAAm or VCL. The reactive co-monomers
participate in the polymerization process and become covalently attached to the
polymer chains of microgel network. The co-monomers can improve colloidal sta-
bility of the microgels and help to regulate microgel size. Finally, co-monomers can
be used to incorporate functional groups into microgel structures. The co-monomers
used for the preparation of aqueous microgels can be low molecular mass functional
hydrophilic monomers or macromonomers.
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Fig. 3 Hydrodynamic radius (Ry) of PVCL microgels as a function of PVA concentration (Cpya)
in aqueous phase (PVA: My, = 14,000gmol~!; hydrolysis degree 99%; T = 15°C). Taken from
[64], with permission of Springer

Different ionic monomers were copolymerized with NIPAAm or VCL to obtain
pH- and temperature-sensitive microgels. Snowden et al. [65] reported preparation
of aqueous microgels by copolymerization of NIPAAm and acrylic acid (AAc) in
a precipitation polymerization process. The AAc content was 5 wt%. Obtained mi-
crogels displayed pH and electrolyte sensitivity, as well as temperature sensitivity.

Kratz et al. [66] reported synthesis of a series of PNIPAAm/PAAc microgels
with variable contents of AAc. The size of the microgel particles as well as their
deswelling ratio increased significantly with introduction of charged acrylic acid
groups into the polymer network. For the charged microgels in salt-free solutions,
the shift of the VPTT occurs at higher temperatures.

Saunders and coworkers prepared pH-responsive microgels by copolymeriza-
tion of methyl methacrylate (MMA), ethyl acrylate (EA), or butyl methacrylate
(BA) [67]. The crosslinking monomers were either butanediol diacrylate (BDDA)
or EGDMA. The microgel particles swelled significantly at pH values greater than
approximately 6.0. It was shown that EA-based microgels swelled more strongly
than polyMMA-based microgels. Furthermore, greater swelling occurred for parti-
cles prepared using EGDMA than using BDDA.

Monodisperse microgels based on poly(acrylamide-methacrylic acid) copolymer
[P(AAm-co-MAACc)] crosslinked by BIS with a sharp pH-induced volume transition
were prepared in ethanol [68]. Osmotic pressure and deformation of crosslinked
polymer network were considered to be the two dominant factors influencing the
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characteristics of the pH-induced volume transition. High content of MAAc and
high degree of crosslinking increased the osmotic pressure, thereby moving the on-
set of the volume transition to a higher pH. Association/dissociation of PMAAc
segments in the domains contributed to the free energy of hydrogel-solvent mix-
ing. As soon as the pH was high enough to overcome the osmotic pressure, the
dissociated PMAAc segments simultaneously decreased the osmotic pressure and
free energy of hydrogel-solvent mixing, thereby allowing the sharp and large vol-
ume transition. As a result, [P(AAm-co-MAAc)] microgels change their volume by
factor of 12 upon variation of pH by 0.5.

Hoare and McLean [69] developed a kinetic model for the copolymerization of
up to four co-monomers to predict both chain and radial distributions of carboxylic
groups in PNIPAAm-based microgels. The model can accurately predict the exper-
imentally observed radial distributions of functional monomers with significantly
different hydrophobicities, copolymerization kinetics, and reactivities.

Elaissari and coworkers prepared cationic microgels by copolymerization of
NIPAAM and aminoethyl methacrylate hydrochloride (AEMH) in the presence of
cationic water-soluble initiator [70]. The presence of the hydrophilic co-monomer
AEMH increases the solubility of the thermally sensitive polymer domains, thus
showing higher VPTT compared to anionic microgel prepared with persulfate as
initiator without AEMH. The presence of AEMH induced a decrease in the micro-
gel size due to the more effective stabilization of growing precursors during the
nucleation step.

Copolymer microgel systems based on VCL were reported recently. Peng and
Wu [71] reported synthesis of poly(N-vinylcaprolactam-co-sodium acrylate) micro-
gels and Boyko et al. [72] synthesized microgels based on poly(N-vinylcaprolactam-
co-N-vinylpyrrolidone).

Lyon’s group prepared aqueous microgels by copolymerization of NIPAAm
with hydrophobic [fert-butyl acrylamide (TBAm)] and pH-sensitive acrylic acid
monomers [73].

As the amount of TBAm increases, the VPTT as well as initial and final mi-
crogel radii decrease (Fig.4a). These experimental results indicate that, due to the
hydrophobic character of TBAm, its incorporation in polymer network results in mi-
crogels possessing VPTTs much lower than those of the native PNIPAAm particles
(Fig. 4b). Due to the incorporation of AAc units, the phase transitions of microgel
particles can be modulated by pH. As shown in Fig.4b, at pH 8 the phase transi-
tions are shifted and occur at much higher temperatures due to the deprotonation of
carboxylic groups.

Rictering’s group reported synthesis of copolymer microgels based on mono-
and disubstituted acrylamides [74, 75]. For copolymer microgels consisting of
NIPAAm and N,N-diethylacrylamide (DEAAM), or N-isopropylmethacrylamide
(NIPMAAm) and DEAAM, the transition temperature depends on the composi-
tion and substitution pattern of monomers, and thus on the ability to build intra-
and intermolecular hydrogen bonds between the monomer units. The additional
o-methyl group of the NIPMAAm backbone restricts the flexibility of the entire
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copolymer system and thus hinders the formation of the intramolecular hydrogel
bonds. Consequently, the VPTT of the NIPMA Am-based microgels occurs at higher
temperatures than in NIPAAm systems (Fig. 5).

The copolymerization of different functional monomers during precipitation
polymerization can be used for design of amphoteric aqueous microgels [76—82].
Amphoteric microgels were prepared by copolymerization of NIPAAm with acrylic
acid and vinylimidazole (VIm) [76-80]. Alternatively, Tan and coworkers prepared
amphoteric colloids by copolymerization of acrylic acid, 2-(diethylamino)ethyl
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methacrylate (DEAEMA) and poly(ethylene glycol) methyl ether methacrylate
in aqueous phase [81]. Kawaguchi and coworkers used acrylamide, MAAc and
DEAEMA to prepare amphoteric microgels by semicontinuous precipitation poly-
merization in ethanol [82].

Interesting microgel systems have been prepared by application of reac-
tive macromonomers. Armes and coworkers used the reactive macromonomers
monomethoxy-capped poly(ethylene glycol) methacrylate (PEGMA), styrene-
capped poly[2-(dimethylamino)ethyl methacrylate] (PDMAjq-styrene), and
partially quaternized styrene-capped poly[2-(dimethylamino)ethyl methacrylate]
(10g PDMAs(-styrene) to prepare colloidally stable pH-sensitive microgels based
on poly[2-(dimethylamino)ethyl methacrylate] (PDEA) [83]. The average size of
microgel particles ranged from 250 to 700 nm. In a recent paper, the authors ex-
plored the use of the microgels deposited onto silica substrates for pH-triggered
capture and release of pyrene dye [84]. PEGMA macromonomer was used by the
same group for preparation of microgel particles based on poly(2-vinylpyridine)
(P2VP) [85, 86]. The mean diameters of microgels ranged from 390 to 970 nm.

PVCL microgels with grafted amphiphilic chains were prepared by using reactive
macromonomer consisting of a hydrophobic hydrocarbon segment and hydrophilic
PEO segment [87]. Due to the amphiphilic character of the macromonomer and
its ability to form micelles in water (CMC value was 0.25gL~! at 20°C), the
obtained microgels exhibited a small size (73 nm at 20°C) and narrow size dis-
tribution. Microgel samples prepared with macromonomer showed discontinuous
thermal transition at 35°C, whereas in the case of microgels prepared with SDS as
stabilizer the collapse transition occurs over a broad temperature range.

Pich and coworkers synthesized microgels by free-radical co-polymerization of
vinyl caprolactam and acetoacetoxyethyl methacrylate (AAEM) in the presence of
methoxy-capped PEGMA macromonomers [88]. It has been reported that variation
of the amount of PEG macromonomer or the length of the PEG chain provides
effective control of the microgel diameter in the range 60-220nm (Fig. 6).

The presence of the grafted PEG chains improves the colloidal stability of the
microgels. The incorporation of the PEG macromonomers into the microgel struc-
ture decreases the swelling degree and induces a shift of the VPTT to higher
temperatures.

Figure 7 shows SEM (scanning electron microscopy) images of microgel par-
ticles prepared with different macromonomers. The decrease in the microgel size
with increase in macromonomer concentration is obvious in the case of PEG-
MEMAT1100 and PEGMEMA2080 systems. However, the results in Fig. 7 indicate
that PEGMEMA1100- and PEGMEMA?2080-modified microgels became irregu-
larly shaped above a critical macromonomer concentration. In the case of PEG-
MEMA2080 macromonomer, the appearance of 10 nm secondary particles is clearly
visible in Fig. 7. Both effects are attributed to the increase in water-solubility of the
precursor particles due to the hydrophilic macromonomers used in the polymeriza-
tion recipe.

A synthetic scheme involving chemical protection/deprotection to combine in-
terfering functional groups on the same microgel particle has been developed
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Fig. 6 Hydrodynamic radii (R,) of PVCL/PAAEM microgel particles as a function of PEGMEMA
content (7' = 20°C). Taken from [88]

[89]. The synthesis of amine-containing PNIPAAm nanogels was carried out via
free-radical precipitation polymerization by incorporating a Fmoc-protected amine-
PEG macromonomer. The Fmoc (9H-fluoren-9-ylmethoxycarbonyl) group was then
removed to obtain free amines, which were shown to be available for conju-
gation with biomacromolecules. The introduction of protected amine-PEG into
P(NIPA Am-co-AAc) nanogels resulted in formation of zwitterionic colloids.

2.2.3 Core-Shell Structures

Precipitation polymerization allows preparation of microgel particles with a core—
shell structure. This can be achieved by using monomers of different reactivity or
hydrophilicity in a batch polymerization process. Alternatively, core—shell micro-
gels can be prepared by seed polymerization techniques or by stepwise addition of
co-monomers to the reaction mixture.

The core—shell microgel system has been prepared by copolymerization of VCL
and AAEM in the aqueous phase by using cationic initiator and a crosslinker under
surfactant-free conditions [36]. At the first stage, a water-soluble cationic radical
initiates mainly polymerization of water-soluble AAEM and BIS monomers. When
the polymer chains reach a critical length, they precipitate to become precursor
particles. These precursor particles create nuclei for PVCL growing chains, which
collapse on the nuclei surface at the polymerization temperature of 70°C. This is
far above their LCST and the chains become additionally crosslinked. The grow-
ing VCL/AAEM microgel particles are stabilized by steric mechanisms, and partial
electrostatic stabilization is provided by the charged groups of the cationic initiator.
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The resulting particles have a core—shell structure due to fast consumption of highly
reactive AAEM during the first stage of reaction. Therefore, the microgel particles
consist of a PAAEM-rich core and PVCL-rich shell, which consists mainly of co-
valently bonded PVCL chains. The variation of monomer ratio allows tuning of
the size of formed particles and regulation of the swelling degree of the microgels.
Figure 8 demonstrates the thermosensitive properties of VCL/AAEM microgels. For
microgel samples with different compositions, a broad continuous decrease in Ry
was detected, and the transition temperature shifted slightly to 28°C in compari-
son to the reported 32°C for linear PVCL. It can also be seen that all microgels
shrink to approximately the same size, although the difference in swelling is sig-
nificant (Fig. 8a). The combination of dynamic and static light scattering gives the
possibility to calculate the <Ry >/< Ry, > ratio (p), which reflects the conformation
of a polymer chain or the density distribution of a particle and thus gives valuable
information about the internal structure of microgels. Figure 8b shows that, at low
temperatures, the p values for microgels are in the range 0.3-0.6. The tempera-
ture increase induces a decrease in the mobility of the PVCL chains and a compact
structure without internal motion is formed. Therefore, p increases rapidly close to
the critical temperature and finally approaches the theoretically predicted p value
for the homogeneous sphere (0.775). At high temperatures, microgels exhibit hard
sphere behavior (deviations from theoretical value are within experimental error).
In a different system, VCL was copolymerized with AAEM and VIm by a sim-
ple batch polymerization procedure in aqueous medium, leading to the formation
of colloidally stable pH- and temperature-sensitive core—shell microgel particles
[90]. Figure 9a shows the influence of VIm content on the particle size of micro-
gels at pH 6 and 20°C. Figure 9a indicates that the R}, of microgels increase linearly
if larger VIm amounts are introduced into the microgel structure. At the same time,
the polydispersity index (PDI) of obtained microgels remains unaltered, which indi-
cates that introduction of VIm does not induce the formation of secondary particles



Microgels by Precipitation Polymerization 17

550
500 -ﬂ
450 A
400 .
350
300
250 A .

2004 ®

150 +— ; ; ; ; ;

Ry, [nm]

0 1 2 3 4 5
Vim, [mol%)]

Fig. 9 (a) Hydrodynamic radii (R,) of microgel particles prepared at different VIm contents
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Insets show high-magnification field-emission SEM images. Reprinted from [90] with permission.
Copyright 2006 American Chemical Society

in the aqueous phase. These observations lead to the conclusion that incorporation of
small amounts of VIm strongly increase the hydrophilicity of the particles, leading
to better solvation by water molecules and higher swelling in continuous medium.
This results finally in the increase of Ry of microgels with gradual increase in VIm
content. SEM images presented in Fig. 9b, ¢ indicate that VCL/AAEM/VIm(2.9%)
particles are larger than VCL/AAEM microgels, which supports light scattering
measurements. Field-emission SEM images indicate that VCL/AAEM/VIm(2.9%)
microgels exhibit a much thicker corona-like shell than VCL/AAEM particles.
Glycidyl methacrylate (GMA) was selected as co-monomer for the precipitation
polymerization of VCL to obtain temperature-sensitive microgels functionalized by
epoxy groups [91]. The attractiveness of GMA is related to its versatility in function-
alization. GMA can react with amino groups that are suitable for covalent binding
of proteins [92] as well as for grafting [93] and crosslinking reactions [94]. The
mechanism of the particle nucleation in this system is similar to VCL/AAEM mi-
crogels. Due to the large reactivity difference between VCL and GMA [95] and
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Fig. 10 SEM images of VCL/GMA microgel samples containing (a) 4.8, (b) 9.1, and
(c) 16.7 mol% GMA. High-resolution (d) SEM and (e) STEM of a single microgel particle contain-
ing 16.7 mol% GMA. Reprinted from [91] with permission. Copyright 2007 American Chemical
Society

the more hydrophobic nature of PGMA, we expect to obtain microgel particles
with a heterogeneous structure, e.g., reactive PGMA-rich core and temperature-
sensitive PVCL-rich shell. This microgel architecture will ensure the localization
of the highly reactive GMA units in the microgel interior, providing the possibility
of further functionalization. SEM images in Fig. 10a—c show that the size of micro-
gels decreases with increasing GMA content due to the more hydrophobic nature
of PGMA compared to PVCL. Figure 10d, e present high-magnification SEM and
TEM (transmission electron microscopy) images of a single microgel particle with
high GMA content. Both images indicate clearly the core—shell structure of the mi-
crogel, where the more compact GMA-rich core is surrounded by a soft VCL-rich
shell.

The seed polymerization technique has been used by many groups to generate
microgels with core—shell architecture. Recently, Kawaguchi’s group reported syn-
thesis of GMA/NIPAAm core—shell microgels [96-98]. The authors used a feed
technique to generate the desired particle morphology. At the initial stage, NIPAAm
was copolymerized with GMA in the presence of crosslinker to form seed particles.
At the second stage, NIPAAm was added to seed microgels and shell polymerization
took place.

Lapeyre et al. [99] prepared aqueous microgels consisting of thermorespon-
sive PNIPAAm core and thermo- and glucose-responsive poly(NIPAAm-co-
acrylamidophenylboronic acid) shell. The radius of the core in the collapsed state
(40°C) was 65 nm. By variation of the monomer concentrations added during the
second polymerization step from 20 to 80 mM, the shell thickness increased from
15 to 38 nm.
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Li et al. [100] synthesized core—shell microgels with temperature-sensitive
PNIPAAm core and pH-sensitive poly(4-vinylpyridine) (P4VP) shell. Narrowly
distributed microgel particles with core diameter of 95 nm and shell thickness of
approximately 30 nm were obtained.

Vincent’s group reported synthesis of PVP core and PNIPAAm shell by a seed-
feed polymerization process [101]. At the first stage, the polymerization of 2VP
in the presence of crosslinker was performed to obtain PVP seed colloids. Then, a
small amount of cationic surfactant was added (surfactant concentration was kept
below its CMC) to enhance colloidal stability in the subsequent shell growing
stage. For the shell formation, two separate feed solutions were prepared (feed 1:
NIPAAm, BIS, and water; feed 2: initiator and water) and added to PVP seed dis-
persion (feed 1, and after 30 min feed 2). The authors suggested that during shell
addition, feed 1 is commenced before the initiator feed 2, so that initially NIPAAm
is grown on the living ends of still-growing PVP chains and forms a chemical bond
between the PVP core and PNIPAAm shell.

Richtering’s group reported synthesis of doubly temperature-sensitive core—shell
microgels [102-104]. The microgels were composed of a core of crosslinked PNI-
PAAm and a shell of crosslinked PNIPMAAm. Due to the fact that the polymers
exhibit LCSTs at 34°C and 45°C (for PNIPAAm and PNIPMAAm, respectively),
the authors reported that the core—shell microgels display a temperature-dependent
two-step shrinking behavior. By varying the amount of NIPMAAm added during
the second polymerization step, the authors prepared a series of microgels with
different shell thicknesses (Fig. 11). The same group designed microgels with a
core of crosslinked PNIPMAAm and a shell of crosslinked PNIPAAm [105]. In
this case, a doubly temperature-sensitive core—shell microgel was prepared, which
at intermediate temperatures reveals a shell with a higher segment density than the
core. The temperature dependence of the R, demonstrated that the shell restricts the
core swelling at temperatures between the LCSTs of core and shell. Using different
temperature-sensitive polymers, a core—shell microgel was prepared, which at inter-
mediate temperatures has a shell with a higher segment density than the core (see
radial density profiles in Fig. 12).

Temperature- and pH-sensitive core—shell microgels consisting of a PNIPAAm
core crosslinked with BIS and a polyvinylamine (PVAm) shell were synthesized
by graft copolymerization in the absence of surfactant and stabilizer [106] The
core—shell morphology of the microgels was confirmed by TEM and zeta-potential
measurements. Other examples of core—shell microgel systems are PNIPAAm-
g-P(NIPAM-co-styrene) colloids [107] or PS(core)-g-PNIPAAm (shell) particles
[108].

2.2.4 Hybrid Microgels

Precipitation polymerization can be used for integration of inorganic NPs into
microgel structures. An interesting approach for the preparation of the hybrid
microgels is encapsulation of the NPs during precipitation polymerization. To
demonstrate the efficiency of this method, LaF3:Eu NPs modified with a mixed
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ligand [aminoethyl phosphate (AEP) and ethyleneglycol methacrylate phosphate
(EGMAP) in molar ratio 3:1] have been used [109]. In this system, AEP provides
stabilization of NPs in water and the introduction of EGMAP provides incorporation
of the double bond, which ensures covalent fixation of the NPs in the microgel.

The presence of reactive LaF3;:Eu NPs in the reaction mixture has several im-
portant consequences with respect to the formation of microgel particles during
the precipitation polymerization process. First, the reactive NPs participate in the
initial polymerization step by being integrated into growing polymer chains and
forming the nuclei that grow to form the composite microgel particles (see Fig. 13).
Second, the incorporation of the NPs during early stages of polymerization ensures
their localization in the microgel interior. Third, the NP incorporation is essentially
quantitative. This is an advantage over methods based on NP diffusion, where in-
corporation efficiencies of <50% are common.

Figure 14a shows the Ry (at 20°C) for microgels prepared at different NP con-
centrations. The increase of the NP concentration in the reaction mixture reduces
the size of the microgel considerably (from 220 to 80 nm). However, as indicated in

R B

Fig. 13 Different stages of the heterophase polymerization process: (a) homogeneous distribution
of NPs in a reaction mixture containing monomers, crosslinker and initiator before polymerization;
(b) early stages of the nucleation process indicating incorporation of NPs into the growing polymer
particles; and (c) final NP-containing microgel particles
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Fig. 14 (a) Hydrodynamic radii and (b) size distribution curves of the hybrid microgels. Taken
from [109], Copyright Wiley-VCH. Reproduced with permission
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Fig. 15 STEM images of hybrid microgels: (a) no NPs, (b) 2.5, (¢) 3.8, and (d) 6.1 wt% NPs.
Taken from [109], Copyright Wiley-VCH. Reproduced with permission

Fig. 14b, the PSD remains unaltered and no free NPs could be detected. The reason
for the decrease in the particle size is the ability of the NPs used in present study to
act as nucleation centers.

Scanning transmission electron microscopy (STEM) images in Fig. 15 indicate
that the NPs are located mostly in the microgel core. Very few of them can be found
in the shell region, suggesting that integration of the NPs into microgel occurs dur-
ing the early nucleation stage.

In several reports, the encapsulation of non-reactive NPs into microgels was re-
ported. Zhang et al. [110] reported synthesis of hybrid PNIPAAm-based microgels
by using inorganic clay (hectorite) as crosslinker. The authors reported significant
reduction of the microgel size to 322 nm (microgel prepared without clay displayed
a diameter of 808 nm) when clay NPs were present in the reaction mixture. The au-
thors suggest that polymer chains of the microgel network are attached to the clay
surface by ionic or polar interactions. X-ray diffraction indicated that clay platelets
are in an exfoliated state, forming an organic—inorganic network structure within
microgels.

Pich et al. [111] reported synthesis of microgel—clay composite particles by one-
step surfactant-free precipitation polymerization (unpublished results). Laponite
NPs present in the reaction mixture become encapsulated during the microgel
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Fig. 16 SEM images of microgel particles: (a) no clay, (b) 2.3, and (¢) 8.8 wt% clay. (d) STEM
image of microgel particles (9.7 wt% clay). Taken from [111]

formation process. Microgel samples based on poly(N-vinylcaprolactam-co-
acetoacetoxyethyl methacrylate) containing different amount of incorporated clay
NPs were synthesized. The clay content was varied from 2 to 18 wt%. Fig. 16a—c
shows SEM images of microgel samples in a dehydrated state. The use of clay NPs
during the polymerization process decreases the size of microgel particles. TEM
images show needle-like laponite nanocrystals in the microgel interior (Fig. 16d).

3 Postmodification of Microgels

The preparation of aqueous microgels by precipitation polymerization cannot fulfill
all requirements in the sense of desired functionalization, which is extremely impor-
tant for certain applications. Not all functional units can be integrated into microgels
during the polymerization step. This is caused by limited availability of functional
water-soluble monomers or thermal instability of some functional groups or pro-
teins during the polymerization process. In some cases, different reactivity ratios of
monomers do not allow the design of microgel particles with desired localization
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of the functional groups. In many cases, postpolymerization modification of the
microgels with small molecules, synthetic polymer, or proteins was used to intro-
duce desired functionalities in polymer colloids.

3.1 Incorporation of Small Molecules, Synthetic Polymers,
and Biomacromolecules

A convenient approach to the modification of microgel particles is postmodification
by using polymer—analog transformations. Recently, Kawaguchi’s group reported
synthesis of GMA/NIPAAm core—shell microgels and their use for targeted de-
position of gold NPs [92]. In their work, epoxy groups have been used for the
targeted modification with thiol-containing compounds to selectively load inorganic
NPs in the microgel particles. Hintzschel et al. [112] reported postmodification
of VCL/GMA microgels by reaction with thioethanamine in order to incorporate
amino groups into microgel structures.

Garcia et al. [113] reported synthesis of photo-, thermo-, and pH-responsive
microgels. The authors modified NIPAAm/allylamine copolymer microgels with
carboxy-functionalized spiropyran photochrome. In this manner, the functionalized
spyropyrane was coupled to the microgel by an amide bond. This postmodification
of aqueous microgels resulted in photo-sensitive colloids: The microgels shrunk
upon irradiation with visible light because spyropyrane changed from the polar me-
rocyanine form to the nonpolar spiro form.

Pelton’s group reported synthesis of amine-functionalized PNIPAAm microgels
[114]. Microgels were prepared by the precipitation copolymerization of NIPAAm
and N-vinylformamide (NVF). The obtained microgels were hydrolyzed at 70°C
and pH 1.5 to transform formamide into amine groups. Later, oligo(NVF) (prepared
in a separate step) was attached to the microgel surface at pH 9 and 25°C. Finally,
the formamide groups were hydrolyzed in acidic medium at 70°C and microgel
particles with PNIPAAM core and amine-rich shell were obtained.

Recently, it has been shown that functional molecules can be integrated into aque-
ous microgels by formation of intermolecular complexes [115]. A simple route for
the design of hydrophilic microgels comprising inner hydrophobic nanodomains has
been developed based on postmodification of microgels by complexation of wedge-
shaped amphiphilic molecules with complementary functional groups (Fig. 17).
Aqueous microgels with imidazole groups integrated into the network were trans-
ferred into an organic medium, where they were neutralized by water-insoluble
wedge-shaped molecules bearing a sulfonic acid group at the tip of the wedge and a
large hydrocarbon body [115]. After redispersion of the modified microgel particles
into the aqueous phase, wedge-shaped amphiphiles ionically attached to the poly-
mer chains self-assembled into discrete nanodomains in the interior of the polymer
colloids due to the hydrophobic attraction force. The loading of the wedge-shaped
molecules into microgels can be controlled by variation of the amount of imidazole
groups integrated into the microgel network as well as the neutralization degree.
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Fig. 17 Preparation of complexes of wedge-shaped sulfonic acid molecules (TDBBSA) and
PVCL/AAEM/VIm microgels by the reversible transfer from water to THF: (/) transfer of the
aqueous microgel to THF by solvent exchange; (2) addition of TDBBSA molecules to the micro-
gel suspension in THF and diffusion of wedge-shaped molecules into porous polymer colloids;
(3) fixation of TDBBSA within microgels by complexation; and (4) transfer of the modified mi-
crogel to the aqueous phase by solvent exchange. TEM images of the microgels are shown. Taken
from [115]

The experimental results suggested that incorporation of hydrophobic domains into
hydrophilic colloids induced dramatic changes in their properties, such as swelling
degree, surface charge, and responsiveness to temperature and pH.

Richtering’s group reported that the polyelectrolyte adsorption on charged mi-
crogel particles is a promising approach for design of new microgel architectures
[116]. The adsorption of poly(diallyldimethylammonium chloride) (PDADMAC)
on PNIPAAm-co-MAAc microgels was studied with regard to different ratios
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Fig. 18 Microgel design by layer-by-layer deposition of polyelectrolytes. Reprinted from [118]
with permission. Copyright 2008 American Chemical Society
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between the positive charges of PDADMAC and the negative charges originating
from MAACc units [117]. The authors reported that the adsorption of the poly-
electrolyte on the microgel surface leads to a decrease in the microgel size. The
light scattering experiments performed at different temperatures indicated that at
temperatures above VPTT, the microgel/polyelectrolyte complexes cannot collapse
completely due to additional physical crosslinking and enhanced stiffness of the
surface layer. The layer-by-layer technique was used by the same group to design
complex microgel colloids (Fig. 18) [118].

The alternating adsorption of PDADMAC and poly(sodium styrenesulfonate)
(PSS) on the surface of PNIPAAm-co-MAAc microgels was investigated. The mi-
crogels coated with polyelectrolyte multilayers retained their temperature sensitivity
and displayed a reversible swelling/deswelling process. The deposition of polyelec-
trolyte layers did not hinder the colloidal stability of microgels. The authors reported
that PSS-terminated microgels exhibit a higher degree of swelling compared to
PDADMAC-terminated microgels. After deposition of rigid polyelectrolyte layers,
composite microgels lose their pH sensitivity.

Free-radical RAFT polymerization was used to graft linear PNIPAAm chains
onto PNIPAAm-co-acrylic acid 2-hydroxyethyl ester (HEA) microgels [119].
P(NIPAAm-co-HEA) microgels repaired by precipitation polymerization were
modified by initiator fragments by addition of o-butyl acid dithiobenzoate in THF
solution. Finally, the RAFT polymerization of NIPAAm was initiated, leading to
controlled growth of linear PNTPA Am chains from the microgel surface. The authors
reported that the obtained microgels display two different kinds of temperature-
induced transitions related to the grafted PNIPAAm layer. In the temperature range
25-32°C the layer thickness decreased due to the coil-to-globule transition of
grafted linear PNIPAAm chains. At higher temperatures 32-35°C, the layer thick-
ness increased linearly due to the repulsion among the grafted chains on the surface,
which was related to globule-to-brush transition of the collapsed PNIPAAm chains.
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Su et al. [120] reported modification of PNIPAAm microgels with antibody or
with a DNA aptamer. The PNIPAAm microgels carrying carboxyl groups were
prepared as the first step. During the second step, microgels were modified with
streptavidin in the presence of N-ethyl-N’-(3-dimetylaminopropyl)carbodiimide hy-
drochloride (EDC) in 2-(N-morpholino)ethanesulfonic acid buffer. Finally, anti-
rabbit IgG biotin conjugate or aptamer-biotin conjugate were covalently attached
to the microgel particles through the streptavidin—biotin coupling reaction. The au-
thors reported that antibodies and aptamers retained their recognition activities when
coupled to microgels.

Delair et al. [121] immobilized DNA on the surface of PNIPAAm microgels.
The amino groups integrated into PNIPAAm microgels were reacted with single-
stranded DNA containing a terminal isocyanate groups.

3.2 Incorporation of Nanoparticles

The potential use of aqueous microgels as templates or microreactors for synthe-
sis, storage, and transport of different nanostructured materials has been recently
demonstrated by different research groups. On the basis of typical microgel prop-
erties, one can predict the following advantages when using them as microreactors
or carriers compared to other template systems: easy preparation; variable size and
flexible functionalization by reactive groups; highly porous structure with adjustable
crosslinking degree; enhanced colloidal stability; and stimuli-responsive change of
the microgel dimension (temperature and pH sensitivity). With regard to those fea-
tures, the preparation of different materials in the form of NPs inside the microgels
can offer controlled NP synthesis in microgels (localization of reactive sites and
controlled growth, homogeneous distribution within microgel); adjustable NP prop-
erties (particle size and morphology control; separation and stabilization in polymer
network); NP accessibility (high surface area, no diffusion limitation); control of
the distance between NPs by swelling or collapse of microgel in response to envi-
ronmental conditions; and high colloidal stability provided by microgel particles.
However, one should be aware of some undesired effects that can be expected at
high microgel loading by another material. The specific interactions between NPs
and polymer chains within the microgel can lead to reduction of the chain mobility
and a shift of the phase transition temperature, as well as colloidal destabilization.

Two rather distinct approaches have been taken for loading different nanomate-
rials into microgel particles. The first utilizes the microgel as a template for in situ
preparation of nanoscale materials such as inorganic NPs. In this case, the NPs are
trapped in the microgel interior by hydrophobic forces, hydrogen bonding, or elec-
trostatic interactions. This approach has been realized for both aqueous microgels
[122] and microgels dispersed in organic solvents [123, 124]. The attractive features
of this approach are the effective control of the NP dimensions within the microgel,
and flexibility in control of the NP loading.
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The second approach involves filling the microgels by diffusion of preformed
NPs into the microgel, accompanied by trapping due to the electrostatic interac-
tions or hydrogen bonding with polymer chains [125, 126]. This technique offers
some important advantages in terms of the simplicity of the process and indepen-
dent adjustment of the NP properties. This approach, however, has been employed
primarily in aqueous media and has limited utility for incorporation of inorganic
nanocrystals synthesized in organic solutions. In both of these approaches, the mi-
crogel network serves not only as a container for transporting the NPs, but also as
a functional unit that can be attached to substrates or respond to stimuli such as
changes in temperature or pH. By using the two methods described above, a variety
of composite microgel particles have been prepared, containing NPs of conducting
polymers [127—-132], noble metals [133—139], metal oxides [140, 141], metal sul-
fides [142, 143], and biominerals [ 144—146]. In most cases, the composite microgels
preserve the colloidal stability and maintain the stimuli-responsiveness of the pure
microgels. At the same time, the NPs carried by the composite exhibit the typical
physical and chemical properties of the nanomaterials themselves.

The incorporation of poly(ethylenedioxy thiophene) (PEDOT) into microgels
has been performed in two steps [147]. In the first step, EDOT was added to mi-
crogel dispersion. In the second step, the addition of oxidant (FeCls) starts the
oxidative polymerization of EDOT in the system. Figure 19a shows a TEM image
of VCL/AAEM microgel particles filled with PEDOT nanorods. The dark spher-
ical areas in Fig. 19a correspond to the microgel core and PEDOT nanorods are
located in the microgel shell (light grey regions). The swollen microgel shell pro-
vides optimal conditions for the growth of PEDOT nanorods and provides efficient
stabilization for the composite microgel particles in continuous medium. The EDX
analysis confirmed the presence of sulfur in the microgel shell originating from the
PEDOT nanorods (Fig. 19b). The amount of PEDOT nanorods can be increased up
to 15 wt%.

The unique property of conjugated polymers to uptake/release the anions
upon transformation from oxidized to reduced state can be used for the tar-
geted deposition of NPs. To demonstrate the principal viability of such approach,
VCL/AAEM/PEDOT microgels have been used as templates for the incorporation
of AuNPs [148]. Figure 20 shows the procedure of AuNP deposition into microgels
filled with PEDOT nanorods.

Figure 21 shows STEM images of VCL/AAEM and VCL/AAEM/PEDOT mi-
crogels after deposition of AuNPs. Comparing the microscopy images of the two
microgel samples, it is obvious that in the case of VCL/AAEM microgel AuNPs are
randomly distributed within microgel shell, but in the VCL/AAEM/PEDOT sample
AuNPs are located predominantly on the surface of PEDOT nanorods. It is also in-
teresting that the size of the AulNPs is different (3 +£0.5nm and 10 &+ 1 nm for the
VCL/AAEM and VCL/AAEM/PEDQOT samples, respectively), which can be ex-
plained by the “concentration” of the [AuCly] ™~ anions close to the PEDOT nanorod
surface. The inset in Fig. 21d shows an ultrahigh resolution TEM image indicating
the alignment of AuNPs on the PEDOT nanorod surface. It can be assumed that the
efficient fixation of the metal NPs on the PEDOT nanorods is due to the presence of
sulfur in the thiophene ring, famous for its strong affinity to Au®.
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nanorods

Fig. 19 Top: Process of PEDOT incorporation into microgel. (a) TEM image of microgel particles
filled by PEDOT nanorods. Inset shows high-magnification image of PEDOT nanorods embedded
into microgel network. (b) STEM image of microgel/PEDOT composite particles. Line indicates
the EDX scan trace. The distribution of C and S along the EDX scan is shown in graphs below.
Taken from [147], Copyright Wiley-VCH. Reproduced with permission

Aqueous microgels were modified by hydroxyapatite (HAp) nanocrystals [149].
During the first step, an appropriate amount of Ca(NO3), was dissolved in microgel
dispersion and the pH value adjusted to 10 by addition of 25% NH4OH. In a separate
flask, an appropriate (NHy4),HPO4 amount was dissolved in water and pH adjusted
to 10 by addition of 25% NH4OH. The (NH,4),HPO, solution was then added under
continuous stirring to the microgel dispersion containing dissolved Ca(NO3);.

Figure 22a—d shows TEM images of VCL/AAEM/VIm-HAp hybrid microgels
containing different amounts of HAp. The HAp needles (aspect ratio 12:15) are lo-
cated predominantly in the microgel shell and their amount increases with increased
HAp content. The incorporation of VIm units into microgel leads to controlled
growth of HAp within the microgel, and well-defined hybrid particles can be ob-
tained. The results of EDX line scan presented in Fig. 22e indicate presence of Ca
and P in the microgel outer layer, which confirms the effective deposition of HAp.

Gorelikov et al. [150] demonstrated a way to provoke photothermally modulated
volume transitions in microgel particles in the near-IR spectral range. Gold nanorods
with different aspect ratios (from 2 to 6) stabilized by cationic surfactant were inte-
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Fig. 20 Selective AuNPs deposition on PEDOT nanorods in microgel structures: (a) PEDOT
nanorods are not fully oxidized and attract a small amount of counterions (green circles). The
small amount of positively charged groups (red circles) are due to the incorporation of initiator
residues into polymer chains of microgel. (b) After addition of H, [AuCl;]~ PEDOT nanorods
become oxidized in acidic pH and [AuCly]~ anions (yellow circles) are drawn into the microgel to
compensate for a charge on the nanorod surface (white circles). (¢) After addition of NaBHy4 and a
reduction process, AuNPs are predominantly formed on the PEDOT nanorod surface. Taken from
[148], Copyright Wiley-VCH. Reproduced with permission

grated into negatively charged PNIPAAm microgels (the negative charge originated
from carboxylic groups) and fixed by electrostatic attraction forces (Fig. 23).

The gold nanorods can absorb near-IR light and the wavelength of their longitu-
dinal surface plasmon can be accurately controlled by altering their aspect ratio. So,
when the hybrid microgel was irradiated by laser at wavelength 810nm, a strong
photothermally induced decrease in microgel volume was observed, and the authors
demonstrated that this process could be repeated several times by switching the laser
on and off.

Surface-modified negatively charged magnetic NPs with grafted PAAc layer
were adsorbed on the surface of PNIPAAm microgels modified by adsorbtion of
polycations (PDADMAC) [151]. This new hybrid core—shell microgel possesses a
unique combination of thermoresponsivity and magnetism that could open up novel
prospects for remotely controlled drug carriers.

The methods for the preparation of composite microgels described above re-
quire the adjustment of the microgel and NPs (or their syntheses) to the nature of
the medium, whether water or an organic solvent. The medium in which the com-
posite microgels are formed using these strategies is normally the only medium in
which they are stable and can be employed. This limitation can be overcome by the
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Fig. 21 (a-b) STEM images of VCL/AAEM (3wt% Au) and (c-d) VCL/AAEM/PEDOT
(9.3 wt% Au) microgels modified with AuNPs (the HAuCly to microgel weight ratio was 1:10,
solvent water). Taken from [148], Copyright Wiley-VCH. Reproduced with permission

consideration of one important property of the microgel itself, which has not been
exploited for microgel-NP composites: the ability of many kinds of microgels to
form stable colloidal solutions in solvents of very different polarity. Some authors
have noted the nearly universal ability of microgels to form emulsions [152—156] or
colloidal solutions in mixed solvents [157]. Little attention has been paid, however,
to the possibility of transferring microgels from water to organic solvents or from
organic solvents to aqueous media.

Winnik’s group [158] demonstrated preparation of inorganic-NP composite mi-
crogels based on the reversible transfer of microgels between water and THF as the
organic solvent. The working hypothesis was that appropriately chosen microgels
can be synthesized to contain functional groups that can serve as surface ligands
for the TOPO-stabilized CdSe NPs (quantum dots, QDs). These microgels can cap-
ture QDs via a ligand exchange process in an organic medium, where the QDs form
colloidal solutions. Then, the composite microgels can be transferred into water, in
which the microgel is also able to provide colloidal stability. The authors employed
the imidazole group as an amine-based ligand and examined two different polymer
microgel compositions as the carriers: PNIPAAm and VCL/AAEM. Both types of
microgels were synthesized in the presence of different amounts of VIm (1-5 mol%)
as the functional co-monomer.
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Fig. 22 Top: Modification of aqueous microgels by hydroxyapatite (HAp) nanocrystals. (a-d)
TEM images of VCL/AAEM/VIm-HAp hybrid microgels containing different amounts of HAp:
(a) 0, (b) 7.9, (c) 34.2, and (d) 52.2 wt%. (e) EDX line scan of single microgel containing 52.2 wt%
HAp with element distribution curves. Color of the lines in (e) corresponds to the color in the
element distribution spectra. Reprinted from [149] with permission. Copyright 2008 American
Chemical Society

The process of QD loading into microgel particles has been monitored by light
scattering measurements to check the change in microgel size and size distribution.
Figure 24 shows size distribution curves of NIPAAm/VIm and VCL/AAEM/VIm
microgels containing similar amount of VIm units. The light scattering results pre-
sented in Fig. 24 indicate that no aggregation of the microgel particles occurs during
the transfer to THF, NP loading, and transfer back to water. The STEM images in
Fig.24 show the morphology of VCL/AAEM/VIm microgels before and after the
NP loading procedure. STEM images indicate homogeneous distribution of NPs
within microgel particles after the modification process.
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Fig. 23 Photoresponsive hybrid microgels filled with Au-nanorods. Reprinted with permission
from [150], Copyright 2004 American Chemical Society
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Fig. 24 Hydrodynamic radius distributions f(Ry) of different microgels in each step of the incor-
poration of TOPO-stabilized CdSe NPs into microgel: column (a) NIPAM/VIm(2.78%), column
(b) VCL/AAEM/VIm(2.88%). Right: TEM images of single VCL/AEM/VIm(2.88%) microgel
particle before and after loading with QDs. Taken from [158]
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4 Conclusions

The results reviewed herein demonstrate that precipitation polymerization is a
powerful technique for the preparation of aqueous microgel particles with de-
fined properties. Precipitation polymerization allows design of microgel particles
with controlled size, narrow size distribution, and enhanced colloidal stability.
Additionally, a wide range of functional groups can be integrated into the micro-
gel structure. Aqueous microgels synthesized by precipitation polymerization can
display sensitivity to temperature, pH, light, ionic strength, etc. Postpolymerization
modification reactions allow incorporation of small organic molecules, synthetic
polymers, biopolymers, or inorganic NPs into the microgel network.
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Hydrogels in Miniemulsions

Katharina Landfester and Anna Musyanovych

Abstract In the last decade, the synthesis of polymeric materials that respond to
specific environment stimuli by changing their size has attracted widespread inter-
est in both fundamental and applied areas of research. Hydrogels in dispersions are
composed of randomly oriented, physically or chemically crosslinked hydrophilic or
amphiphilic polymer chains. The synthesis of these gels at the nanoscale (nanogels
or microgels) is especially of great importance for their application in drug delivery
and controlled release systems, and in biomimetics, biosensing, tissue regeneration,
heterogeneous catalysis, etc. The focus of this review is to present the versatil-
ity of the miniemulsion process for the formation of monodisperse nanogels from
synthetic and natural polymers. Several applications of the obtained microgels are
briefly described.
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1 Miniemulsion Polymerization

“Miniemulsion” generally implies a method that allows one to create small stable
droplets in a continuous phase by applying high shear stress [1]. Under high
shear, e.g. ultrasonication or high-pressure homogenization, broadly distributed
(macro)droplets are broken into narrowly distributed, defined small nanodroplets
in the size range between 50 and 500 nm. The size of the droplets mainly depends
on the type and the amount of the emulsifier used in the particular system. The idea
of miniemulsion polymerization is to initiate the polymerization in each of the small
stabilized droplets, meaning that polymerization takes place in small nanodroplets.
To prevent the degradation of miniemulsion through coalescence or Ostwald ripen-
ing, an efficient surfactant and a costabilizer that is highly soluble in the dispersed
phase, but insoluble in the continuous phase, should be employed in order to prevent
Ostwald ripening. Typically, long-chain alkanes and alcohols as (ultra)hydrophobes
have been used a costabilizers for direct (oil-in-water) miniemulsion. In Fig. | the
process of direct (oil-in-water) miniemulsion polymerization is presented.

The principle of miniemulsion may also be extended to the inverse (water-in-oil)
case, in which the Ostwald ripening is suppressed by an agent that is insoluble in
the continuous oily phase, a so-called lipophobe. Ionic compounds (e.g., salts or
sugars) show a low solubility in organic solvents and can be used as lipophobes,

Mixture of aqueous and Hydrophobic monomer droplets Solid particles dispersed
non-aqueous phases dispersed in water in water
Monomer(s)

Initiator
Costabilizer

O

A *| Sonication Polymerization y
' - ® I:C} I:’:::-
-
. @
N A A
T LA .®

e L T ] T

Water  Surfactant

Fig. 1 Synthesis of polymeric nanoparticles from hydrophobic monomers(s) via the direct
miniemulsion process
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Fig. 2 Comparison between direct (left) and inverse (right) miniemulsion

and therefore act as costabilizers in water-in-oil miniemulsions [2]. Due to the
change of the continuous phase from hydrophilic to hydrophobic, surfactants with
low hydrophilic-lipophilic balance (HLB) values are required. Owing to the poly-
meric and steric-demanding nature, the nonionic block copolymer stabilizers, like
poly(ethylene-co-butylene)-b-poly(ethylene oxide) [P(E/B-b-EO)], (which consists
of hydrophilic and hydrophobic blocks), are the most efficient [2]. They provided
maximal steric stabilization, which is the predominant mechanism in inverse emul-
sions. In the case of CO, miniemulsions, block copolymers with a hydrophilic
block and a fluoro- or silicon-containing block like poly(1,1-dihydroperfluorooctyl
methacrylate)-b-poly(ethylene oxide) (PFOMA-b-PEO) have to be utilized [3].
Figure 2 compares direct and inverse miniemulsion systems.

2 Polymerization of Hydrophilic Monomers
in Inverse Miniemulsion

In inverse (water-in-oil) miniemulsions, hydrophilic monomers can easily be poly-
merized. Here, the monomer or the monomer solution is miniemulsified in a
continuous hydrophobic phase. The polymerization can be initiated either from the
droplet or from the continuous phase. Using crosslinking agent(s) in the monomer
mixture leads to the formation of microgel nanoparticles after polymerization, keep-
ing their identity after transferring them into water as continuous phase. This way,
nanoparticles based on acrylic acid, acrylamide (AAm) and HEMA could success-
fully be obtained (see Fig. 3) [2].

As a new approach to the preparation of water-soluble polymers in inverse
miniemulsions, a redox initiation system consisting of ceric ions and carbohydrate-
based surfactant Span 60 as a reducing agent has been successfully used for the
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Fig. 3 TEM micrograph of polyacrylamide (leff) and poly(acrylic acid) (right) nanoparticles as
obtained by the inverse miniemulsion process

polymerization of AAm. Such an initiation system provides chain nucleation and
growth near to interfacial boundaries. As a result, stable uniform polyacrylamide
(PAAm) latexes with particle radius of about 50—70 nm are obtained. The prepared
PAAm has rather high My, of up to about 2 x 10°Da. A homogeneous crosslinking,
and therefore the formation of microgel nanoparticles, can be obtained by using
2mol% of N,N'-methylene-bis-acrylamide as a crosslinking agent.

3 Gelatin Nanoparticles

As a different approach, preformed hydrophilic polymers in aqueous solution can
also be used for the miniemulsification process. In this case, the formulation process
should be carried out in an inverse miniemulsion with a hydrophobic continuous
phase. In order to obtain microgel nanoparticles, the polymer chains have to be
crosslinked in the inverse miniemulsion prior to the transfer to an aqueous continu-
ous phase. As a nice example, gelatin has been used for the formation of microgel
nanoparticles [4].

Gelatin is a proteinaceous polyampolytic gel obtained by the partial hydrolysis
(acidic or basic) of collagen. Depending on the process used, gelatin is produced as
type-A or type-B gelatin. Whereas the acidic treatment yields type-A gelatin with an
isoelectric point (p/) around 9 and a broad molecular weight profile, the alkaline hy-
drolysis yields type-B gelatin with a p/ of around 5 [5, 6]. Due to its chemical and
physical nature, gelatin is often used as drug carrier system. By changing the pH
or the temperature, the phase behavior of gelatin in solution changes significantly.
At low temperatures (around 20°C) and pH 7, the gelatin chains are physically
crosslinked, leading to a gel. At high temperature (above 40°C) and pH above 7, the
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physical crosslinks break and the gelatin becomes soluble in water. However, chem-
ical crosslinkage results in the formation of a temperature- and pH-independent
material, and therefore enables the formation of a microgel.

The different functional groups in the chain allow the incorporation of more
functionalities and the introduction of modifications by chemical derivatization.
Poly(ethylene glycol)-modified gelatin [7, 8], thiolated derivatives of gelatin [9, 10],
chitosan-conjugated gelatin [11], and poly(D,L-lactide)-grafted gelatin [12], have
been reported as gelatin-based derivatives for potential pharmaceutical applications.
Gelatin-DNA nanospheres as gene delivery vehicles have also been reported [13].
Gelatin can also be used as a matrix for mineralization processes in tissue engi-
neering [14]. The use of gelatin nanoparticles as microgel reactors allows potential
application for the release of a variety of different components. However, for this
purpose, the gelatin has to be crosslinked chemically in order to keep the nanopar-
ticulate structure at elevated temperature or at low pH.

Several techniques have been used to synthesize gelatin nanoparticles from
gelatin and gelatin derivatives. Well-established techniques are desolvation [15-19],
coacervation [20-22], and water-in-oil emulsion techniques [23-25]. The flexi-
bility offered by these techniques in tailoring the properties of the nanoparticles
is limited. With increasing gelatin concentration and by using a gelatin having a
broad molecular weight distribution, it is not possible to effectively and uniformly
achieve high gelatin content within the particles. In the desolvation technique, the
final particle yield constitutes about only 70-75% of the original amount of gelatin
used. As much as 40% of free gelatin chains were still present, irrespective of the
amount of crosslinker used [16]. The coacervation and desolvation techniques are
both based on phase separation during the preparation step; the crosslinking step is
performed after phase separation, when the nanoparticles are already formed and
gelatin chains are no longer in the dissolved state. Due to problems with diffusion
of the crosslinker molecules into the interior of the nanoparticles, crosslinking only
occurs at the surface, and the chains in the interior are not crosslinked. This re-
sults in inhomogeneous crosslinking of the nanoparticles with free polymer chains.
Among the water-in-oil emulsion techniques, the emulsifier-free water-in-oil ap-
proach leads to relatively large particles with an average size of 840 nm [23]. The
use of the water-in-oil microemulsion approach in order to obtain smaller particles,
however, demands a large excess of surfactant — the ratio of gelatin to surfactant
can be as high as 1:1600 [25]. The degree of crosslinking with increasing gelatin
concentration and scalability to industrial production are often limited.

In order to overcome the aforementioned problems in producing uniformly
glutaraldehyde-crosslinked gelatin nanoparticles with high degrees of crosslinking,
a convenient synthetic route based on the concept of nanoreactors (individual
nanosized homogeneous entities) using the miniemulsion technique has been used
[1, 26].

The miniemulsion technique is here a straightforward approach because it does
not rely on phase separation and offers the flexibility of easily varying the gelatin
content and the degree of crosslinking using small amounts of surfactant [4]. For
the preparation of homogeneously crosslinked nanoparticles, a gelatin solution is
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Fig. 4 The inverse miniemulsion process for synthesis of crosslinked gelatin nanoparticles (for
details see text) [4]

miniemulsified at elevated temperature in a hydrophobic continuous phase, result-
ing in a stable inverse miniemulsion [4]. By adding a second inverse miniemulsion
consisting of droplets with the crosslinking agent glutaraldehyde, the crosslinking
reaction can be performed by a fission and fusion process between the different
droplet species (see Fig.4). The technique allows one to use different types of
gelatin without purification or fractionation, and the amount of the gelatin in the
droplet and the degree of crosslinking can be varied over a wide range. However,
it is of interest to use a minimum concentration of crosslinking agent, at which
all chains are crosslinked and no free chains are left behind within the particles. It
has been demonstrated that, independent of the molecular weight distribution of the
gelatin used, stable nanoparticles can be produced with a small amount of surfac-
tant (see Fig. 4 left). After the synthesis, the organic solvent can be removed and the
particles transferred to an aqueous continuous phase. The stability of the dispersion,
particle size, and the efficiency of crosslinking (by analyzing the non-crosslinked
free chains) have been studied in detail. As gelatin can undergo the volume tran-
sition induced by temperature, the swelling behavior of the gelatin particles can
be seen when the nanoparticles in water are subjected to a thermal cycle in which
the temperature changes between 20°C and 45°C. At 20°C, swollen hydrogel with
water present in the channels/pores between the networks is detected. Increasing
the temperature to 45°C leads to a loss of the physical crosslinks, resulting in an
increase in particle size.

Such microgel nanoparticles with varying gelatin concentration and crosslink-
ing density have a high potential for use in drug delivery applications. The gelatin
nanoparticles can also be used as template particles for the formulation of apatite
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Fig. 5 Air-dried gelatin particles using HRSEM (left) [4]. Bright field TEM image of hybrid
gelatin nanoparticles (right) [27]

nanocrystals [27]. Here, it could be shown that the nano-environment promotes
a different growth environment for the crystal due to the confinement inside the
hydrogel particle. The formation of hydroxyapatite (HAP) inside the particles fol-
lows Ostwald’s rule of stages. At first an amorphous phase is formed, which itself
has a great potential to be used as a resorbable bone substitute. This further trans-
forms into single crystalline HAP via an octacalcium phosphate intermediate. The
solution-mediated transformation into the HAP phase without any calcination step
has been studied in detail using transmission electron microscopy (TEM) (see Fig. 5
right) and X-ray diffraction (XRD) measurements.

4 Gels for Release

Smart or stimulus-responsive polymer gels undergo sharp, often jump-wise, volu-
metric transitions under small changes of external conditions, such as ionic strength,
pH, temperature, the action of electric current, mechanical force, etc. [28-30]. These
features of smart gels make them increasingly attractive for biotechnology and
medicine, as well as for the development of new devices, for example, artificial
muscles [31]. The incorporation of diverse particles in the gels often imparts new
properties. Gels with entrapped magnetic particles are responsive to a magnetic field
[32], and gels containing clays have improved mechanical and adsorption properties
[33, 34]. Gels having isolated pores filled with water effectively trap linear macro-
molecules [35] and low molecular weight multicharged ions [36].

A series of gels with incorporated emulsions have been obtained recently [37].
These gels were used for the preparation of polyelectrolyte gels containing voids
[36], in particular, gels with voids having charged walls [38]. It was demon-
strated that composite gels that contain entrapped emulsions are effective absorbers
of oil-soluble organic substances [39]. Such gels are expected to be of signifi-
cant practical interest as effective drug delivery systems. The polymer matrix of
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similar composite gels can be formed either by the network of crosslinked syn-
thetic polymers (e.g., PAAm [36]) or by physical gels (e.g., agarose-based gels
[39]). It was shown that such composites containing entrapped emulsions of water-
insoluble hydrocarbons like tetradecane (TD) are very stable and do not release
the “oily phase” for at least several months. However, PAAm- and agarose-based
gels are not “smart” in the sense that they do not markedly change their swelling
degree under changed external conditions, as do poly(N-isopropylacrylamide) (PNI-
PAM) gels. “Smart” thermo-responsive composite PNIPAM gels and cryogels,
both containing entrapped TD emulsions, were prepared by three-dimensional
free-radical copolymerization of NIPAM and N,N’-methylene-bis-acrylamide or
bis(acryloyl)cystamine, respectively, in the presence of a dispersion of TD stabi-
lized with sodium dodecyl sulfate (SDS). The polymerization of PNIPAM gels was
carried out at room temperature, and cryogels were fabricated in a moderately frozen
reaction system below the water crystallization temperature. The latter technique is
known to produce macroporous gels with labyrinth-like interconnected gross pores
[40]. Both composite gels and cryogels thus obtained were capable of heat-induced
collapse at certain critical temperatures. It was found that the extent of the collapse
of the composite gel prepared at room temperature was much smaller and without
visible squeezing of the liquid lipophilic phase out of the shrunk gel.

5 Hyperbranched Polymers in Miniemulsion

As a basis for hydrogels, hyperbranched polymers [41] can also be used. These
polymers can be connected by “click” chemistry in miniemulsion droplets in order
to obtain hyperbranched polyglycerol (HPG)-based particles. Such materials are of
great interest for drug release because they are nontoxic [42, 43] and show similar
behavior to poly(ethylene glycol)s.

Due to the inherent dendritic topology, hyperbranched polymers are of interest
for a wide range of optical [44], medical [45-47], materials, and reagent im-
mobilization applications [48]. Compared to perfect dendrimers, the synthesis of
hyperbranched polymer is much easier to achieve. The first HPGs were reported by
Vandenberg in the 1980s. He used the anionic polymerization of glycidol, resulting
in relatively monodisperse, highly branched products with a controlled molecular
weight in the range of a few thousand Daltons [49, 50]. Recently, Brooks extended
this approach to HPGs with up to 1 MDa molecular weight by conducting the
polymerization in bulk heterophase using a nonsolvent (dioxane) as an emulsifying
agent [51]. The resulting HPGs are very compact and have spherical conformations
in water with a diameter in the order of about 10 nm.

By utilizing polymerization in the miniemulsion system, larger HPG analogues
can be created by linking several HPG units to a nanoparticle in order to obtain an
optimum diameter of 50 nm [116]. This size range is considered to be ideal for drug
delivery carriers that may accumulate in tumors or inflamed tissue by the enhanced
permeation and retention effect (EPR) [52].
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The majority of reported miniemulsion reactions are between low molecular
weight monomers, giving rise to linear polymers via radical or polyaddition pro-
cesses. The crosslinking of the hyperbranched polymer represents an approach
to the crosslinking of existing (2-3nm diameter, M, ~ 5KDa) HPG dendritic
macromonomers to higher homologues, using the “nanoreactor” template to con-
trol size. For this, as facile crosslinking “click” reaction, the Huisgen alkyne/azide
cycloaddition was used [53-56]. A similar approach has been reported recently
with miniemulsion atom transfer radical polymerization (ATRP) crosslinking of
macromoners by Oh et al. [57]. The Huisgen reaction has been used in macroemul-
sion to crosslink dextran macromonomers, but this approach has not yet been
realized in miniemulsion [58]. Therefore, the “click” chemistry concept has been
utilized in order to polymerize highly branched polyvalent macromonomers in
miniemulsion, resulting in dendritic nanoparticle covalent aggregates. Dynamic
light scattering (DLS) and TEM characterize the formation of HPG-based particles
with a narrow size distribution that is tunable between 25 and 85 nm diameter.

For the formulation of hydrophobic nanoparticles, hydrophobic HPG was dis-
solved in chloroform and then this solution was miniemulsified in water using SDS
as surfactant (see Fig.6a). The crosslinking reaction was performed by CuSOy4
and sodium ascorbate. Hydrophilic nanoparticles of the hyperbranched polymer
were obtained in an inverse miniemulsion system by dissolving the polymer in
DMF and miniemulsifying the solution in cyclohexane using the block copolymer
P(E/B-b-EO) as surfactant (see Fig. 6b). After the crosslinking reaction performed
at 80°C, the obtained particles could be transferred into an aqueous phase.

Due to the presence of the “click” substrates on the particle surface it is possible
to perform further functionalization directly on the surface.

6 Amphiphilic Copolymers

The formation of amphiphilic copolymers consisting of hydrophilic and hydropho-
bic monomer units leads to hydrogel structures. Amphiphilic copolymers consist of
polar and nonpolar monomeric units and are able to stabilize diverse interfaces in
aqueous systems. Due to the different polarities, such systems are, however, not easy
to make and it is still a great challenge to control the relative incorporation of each
monomer in the resulting polymer chain, as well as the homogeneity of the obtained
structures. Radical copolymerization reactions in solvents like dimethyl formamide
or butanone allows the preparation of some amphiphilic copolymers that can also
be suitable for the formation of hydrogels [59, 60]. However, due to solubility prob-
lems, the limited range of accessible polymers and control of the monomer sequence
are major problems.

Therefore, another idea is the synthesis of amphiphilic systems via radical poly-
merization using a two-phase or heterophase starting situation. In principle, these
techniques allow the kinetic control of the copolymer structures or monomer se-
quence of the polymer chain. The final polymer chain is not only defined by the
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Fig. 6 (a) Procedure employed for the formation of hydrophobic nanoparticles carried out in direct
miniemulsion: (i) the hyperbranched polymer dissolved in CHCl; is miniemulsified in continuous
phase consisting of HO and SDS, (ii) catalytic amounts of CuSOy4 or sodium ascorbate are added,
and the reaction mixture stirred for 3h at 60°C, followed by reaction for 16 h at room tempera-
ture. (b) Procedure employed for the formation of hydrophilic nanoparticles carried out in inverse
miniemulsion: (i) the hyperbranched polymer dissolved in DMF is miniemulsified in a continu-
ous phase consisting of cyclohexane and P(E/B-b-EO) as surfactant, followed by reaction at 80°C
for 16h [116]
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copolymerization parameters, but also by the locus of polymerization and its change
throughout the reaction. Using the techniques of microemulsion and micellar poly-
merization, one creates a large interface area between the hydrophobic and the
hydrophilic sites where polymerization between two polarities can occur. The most
remarkable effect of copolymerizations in microemulsions is the improvement of
structural homogeneity, even for monomers that are not suitable for copolymeriza-
tion in solution or emulsion. Monomers of very different hydrophilicities can now
be successfully copolymerized. With higher amounts of the hydrophilic monomer,
hydrogel materials could be obtained. In microemulsion, the comonomers are
preferably oriented towards the water—oil interface, and charge effects are shielded
that way. Kaler et al. [61] studied the copolymerization of styrene and acrylic acid
in a cationic microemulsion. In this case, isolated acrylic acid units were randomly
distributed among polystyrene blocks.

To synthesize water-soluble or swellable copolymers, inverse heterophase poly-
merization processes are of special interest. The inverse macroemulsion polymer-
ization is only reported for the copolymerization of two hydrophilic monomers.
Hernandez-Barajas and Hunkeler [62] investigated the copolymerization of AAm
with quaternary ammonium cationic monomers in the presence of block copoly-
meric surfactants by batch and semi-batch inverse emulsion copolymerization.
Glukhikh et al. [63] reported the copolymerization of AAm and methacrylic acid us-
ing an inverse emulsion system. Amphiphilic copolymers from inverse systems are
also successfully obtained in microemulsion polymerization. For example, Vaskova
et al. [64-66] copolymerized the hydrophilic AAm with more hydrophobic methyl
methacrylate (MMA) or styrene in a water-in-oil microemulsion initiated by rad-
ical initiators with different solubilities in water. However, not only copolymer,
but also homopolymer was formed. The total conversion of MMA was rather lim-
ited (<10%) and the composition of the copolymer was almost independent of the
comonomer ratio. This was probably due to a constant molar ratio of the monomers
in the water phase or at the interface as the possible locus of polymerization. Also,
in the case of styrene copolymerizing with AAm, the molar fraction of AAm in ho-
mopolymer compared to copolymer is about 45-55 wt% [67], which is still too high
for a meaningful technical application.

Corpart and Candau [68, 69] described the formulation of polyampholytes con-
taining both positive and negative charges in inverse microemulsions. The copoly-
mers can show very different behaviors in the aqueous solution, ranging from
insoluble, water-swollen hydrogels to water-soluble compounds, depending on the
monomer composition. For polyampholytes with balanced stoichiometry, the poly-
mer behavior is controlled by attractive electrostatic forces. The compound is
usually insoluble in water, but becomes soluble upon the addition of salt.

It could be shown that miniemulsion polymerization is a very suitable method
for synthesis of amphiphilic copolymer of high homogeneity and for control of the
primary sequence [117]. Both direct and inverse miniemulsions can be formed by
placing the same monomers in the dispersed or continuous phase, reciprocally. The
high interfacial area of miniemulsions is expected to stimulate the change of the
growing radical from one phase to the other and, therefore, the formation of copoly-
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mers is possible. Finally, in comparison to microemulsion, miniemulsion can be
formed with much less surfactant, which is of high interest for the direct application
of the resulting copolymers. This is what also makes miniemulsions very promising
for the generation of amphiphilic copolymers.

The polymerization process of two monomers with different polarities was car-
ried out in direct or inverse miniemulsions using the monomer systems AAm/MMA
and acrylamide/styrene (AAm/Sty). The monomer, which is insoluble in the contin-
uous phase, is miniemulsified in the continuous phase water or cyclohexane in order
to form stable and small droplets with a low amount of surfactant. The monomer
with the opposite hydrophilicity dissolves in the continuous phase (and not in the
droplets). Starting from those two dispersion situations, the locus of initiation (in
one of the two phases or at the interface) was found to have a great influence on the
reaction products and on the quality of the obtained copolymers, which can act as
hydrogels.

In the AAm/MMA system, the best copolymer with respect to low content of
homopolymers, low blockiness, and good redispersibility in polar and nonpolar sol-
vents was obtained in inverse miniemulsion with initiation in the continuous phase
cyclohexane (see Fig. 7). In this case, the MMA chains grow in the continuous phase
until they become insoluble and precipitate onto the AAm droplets, which enable the
radicals to cross the interface. AAm units can then be added to the polymer chain.

In the AAm/Sty system, the best copolymer was also obtained in the in-
verse miniemulsion process, but using interfacial initiation. This leads to almost
homopolymer-free copolymer samples with low blockiness, indicating a fast change
of the growing radical between the phases in order to add Sty and AAm units. A
copolymerization in the direct miniemulsion with water as continuous phase, using
the interfacial initiator PEGA200, results in a higher homo-AAm content. This can
be attributed to the fact that the initiator, due to its hydrophilicity, has a slightly
higher tendency to be in the water phase, where AAm units can be captured.

MMA —

Fig. 7 Copolymerization of hydrophobic (MMA) and hydrophilic (AAm) monomers in inverse
miniemulsions with MMA dissolved in the continuous phase in order to obtain a copolymer with
low content of homopolymers, low blockiness, and good redispersibility in polar and nonpolar sol-
vents (left). I* and = signifies a free radical at the initiator molecule and in the end of the polymeric
chain, respectively. TEM image of the copolymer nanoparticles (right) [117]
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7 Hydrogel Formation at the Particle Surface

7.1 Copolymers with Hydrophilic Functional Monomers

As shown above, the miniemulsion is a very efficient system for production of
copolymer particles from hydrophobic and hydrophilic monomers. In the case of
direct (oil-in water) miniemulsion, if the hydrophilic monomer is used in smaller
quantities, there is a possibility to form an amphiphilic copolymers close to the
interface of the nanoparticles. This shell region of the polymeric particle can be
considered as a hydrogel shell. The structure of the hydrogel shell mainly depends
on the monomer(s) concentration, reactivity ratios of the monomers, their solubility
in water, and the type of surfactant used.

Recently, carboxyl- and amino-functionalized polystyrene latex particles were
synthesized by the miniemulsion copolymerization of styrene and acrylic acid or 2-
aminoethyl methacrylate hydrochloride (AEMH) [70, 71]. The reaction was started
by using an oil-soluble initiator, 2,2’-azobis(2-methylbutyronitrile) (V-59). Two
types of surfactant, i.e., ionic negatively charged SDS or positively charged CTMA-
Cl, and nonionic Lutensol AT50 (which is a PEO hexadecyl ether with an EO block
length of about 50 units) were used to stabilize the initial droplets and final particles.

From the particle size measurements it was found that, in the case of carboxyl-
functionalized samples stabilized with SDS, the particle size is relatively constant
(around 100 nm) until 10 wt% of added acrylic acid. At higher amounts of acrylic
acid, the diameter sharply increased, reaching an average value of 140 nm. The in-
crease in particle size with increased amount of acrylic acid was explained by the
formation of a “hairy” layer around the particle, which is mainly composed of the
hydrophilic poly(acrylic acid) units. In contrast, the size of the amino-functionalized
particles is not strongly dependent on the initial amount of functional monomer and
was in the range 110-130nm. This was expected because, in contrast to acrylic
acid, the AEMH (pKy, = 8.5) is completely water-soluble at the experimental pH
below 3.5. Moreover, AEMH is very reactive and shows strong chain-transfer be-
havior [72, 73], and therefore the surface layer mainly consists of short chains.

Determining the amount of surface carboxyl groups as a function of the sur-
factant, it was shown that the dense monolayer of carboxylic groups (0.68 nm?
per COOH; 1.47 groups per nm?) on the particles prepared with nonionic surfac-
tant was almost achieved with 3 wt% of acrylic acid. More than 10 wt% of acrylic
acid was required in the case of SDS-stabilized particles. TEM images of carboxyl-
functionalized polystyrene particles stabilized with nonionic (Lutensol AT50) and
ionic (SDS) surfactant are presented in Fig. 8.
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Fig. 8 TEM images of carboxyl-functionalized polystyrene particles: with 3 wt% of acrylic acid
and stabilized with Lutensol AT50 (left); or with 15 wt% of acrylic acid and stabilized with SDS

(right)

7.2 Nanoparticles Surface as Templates

The use of polymeric nanoparticles as templates for the crystallization of inorganic
materials is an intriguing approach because it offers the feasibility of synthesizing
organic/inorganic hybrid materials for a broad spectrum of applications. Besides
surfactant assemblies [74—76], hydrogels [77, 78], block copolymers [79, 80], poly-
electrolytes [81], self-associated nanogels [82], emulsions, and microemulsions
[83—85], there have also been reports of biomimetic routes for the mineralization of
calcium phosphates (apatites) employing biodegradable synthetic polymers [86, 87],
collagen [88, 89], and gelatin [90, 91]. The synthesis of hybrid particles by the en-
capsulation of preformed inorganic materials within a polymeric matrix has also
been reported [92]. However, the in-situ formation of inorganic materials allows
varying several parameters and offers better organic—inorganic interface integrity.
Because the compatibility of the inorganic component with the organic matrix plays
a crucial role in the encapsulation efficiency, very often an additional coating of the
inorganic material with a polymer or a surfactant (in this case as a surface modi-
fier as well as to separate individual entities to ease encapsulation) is a prerequisite.
Moreover, the inorganic component is encapsulated very often within the matrix.
For applications involving the inorganic materials outside of the nanoparticle ma-
trix, the synthesizing possibilities are very much limited.

Surface-functionalized nanoparticles are very good candidates as templates for
crystallization on the outside surface of the particles owing to their monodisperse
size and large surface area. The use of such nanoparticles for biomimetic HAP
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deposition is interesting for applications involving bioimplants. For example, im-
plants made of titanium and its alloys can be coated with HAP in order to eliminate
the failure of the implant owing to poor osteoconductive properties, and to impart
better osteointegration and bonding between implant and bone [93-95]. In order to
take advantage of the biocompatibility of HAP as well as the mechanical properties
of the underlying metallic substrate, it is necessary to optimize the coating possibil-
ities of implants with complex shapes. One of the excellent options for enhancing
the surface-coating possibilities is to use HAP-coated nanoparticles. The presence
of HAP on the surface of the nanoparticles offers several advantages: it allows the
implant material to adapt to the surrounding tissues; it can act as a scaffold for nu-
cleation and growth of new bone materials; and it can impart nanoscaled features on
the surface, thereby modifying the surface topography and influencing the physic-
ochemical properties as well as the biochemistry at the surface [96]. Above all, a
valuable aspect is that these nanoparticles can also act as carriers of biomolecules
and drugs.

Surface-functionalized nanoparticles can be very well exploited as templates
for the growth of HAP crystals on the polymeric nanoparticle surface. Tamai
and Yasuda [97] have reported HAP-coated polymer particles by employing Pd’-
immobilized poly(styrene-co-acrylic acid) copolymer particles synthesized using
emulsifier-free emulsion polymerization. Later, the formation of HAP nanocrys-
tals on the surface of B-diketone-functionalized polymeric nanoparticles employing
styrene and acetoacetoxyethyl methacrylate (AAEM) obtained by emulsifier-free
emulsion polymerization was reported [98]. The carboxylated polystyrene latex par-
ticles have also been used previously for the preparation of other inorganic materials
like Ag/AgO [99]. However, in these studies the amount of functional groups was
always fixed and the amount of inorganic material precipitated was controlled by
controlling either the reaction parameters [97, 99] or the amount of added salts [98].
The synthesis of functionalized polystyrene particles by miniemulsion polymeriza-
tion has been well studied and documented [71]. The miniemulsion technique allows
the synthesis of amino- or carboxyl-functionalized polystyrene particles with differ-
ent amounts of bound surface charge groups by varying the amount of functional
comonomer such as amine ethyl methacrylate or acrylic acid, respectively [70, 71].

In the previous studies using self-assembled monolayers (SAMs) with several
functional groups (-OH, —-SO3H, -PO4H,, -COOH) on Ti wafers, the -COOH
functional group has been proven to be an optimal endgroup for producing highly
crystalline and thick layers of HAP [100]. Thus, the use of carboxyl-functionalized
polystyrene particles synthesized via the miniemulsion polymerization as templates
seems to be a practical way to synthesize hybrid colloids with highly crystalline
HAP. These hybrid particles could be used for the coating of implants in order to
make them more osteoconductive as well as for the preparation of scaffolds for tis-
sue engineering.

Recently, surface-functionalized particles with covalently bound carboxyl groups
were prepared using an ionic as well as a nonionic surfactant as templates to perform
crystallization on the surface of the particles [101]. This approach of crystallization
outside of the particle (Fig.9a) is in contrast to a previous report [27], where the
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after co-
polymerization

Fig. 9 (a) Surface-functionalized nanoparticles as templates for biomineralization. (b) TEM mi-
crographs of carboxylated nanoparticles with hydroxyapatite nanocrystals [101]

crystallization was performed inside gelatin nanoparticles that served as a confined
reaction environment. The influence of the type of surfactant with respect to par-
ticle size, density of functional surface groups, and HAP formation were studied
in detail using high-resolution scanning electron microscopy (HRSEM), TEM, and
XRD. TEM micrographs of carboxylated nanoparticles with HAP nanocrystals as a
function of the initial amount of acrylic acid are presented in Fig. 9b.

It was shown that for a fixed concentration of Ca?* and PO43_ ions added, the
amount of HAP formed on the particle surface increases with the increase in the
concentration of acrylic acid added during synthesis of nanoparticles. The absence
of HAP on latexes prepared with 0 wt% acrylic acid for both ionic and nonionic sur-
factant types confirms that the amount of HAP formed depends only on the amount
of carboxyl groups present on the surface. HAP formation was pronounced for parti-
cles prepared with nonionic surfactant, which is in agreement with the high amount
of -COOH groups as compared to the latexes prepared with SDS as anionic surfac-
tant. However, to obtain high HAP nanocrystal formation it was also found that, in
addition to high carboxyl functionalization on the surface of the particles, it is abso-
lutely necessary to have an optimum surfactant concentration for particles prepared
with nonionic surfactant [101].

8 Microgel Nanocapsules

Not only solid particles can be built up by using hydrogel as shell material, but also
capsules. Over the past two decades, the encapsulation of materials has become
an extensive area of research activity owing to their utilization as submicrome-
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ter containers for the encapsulation of biologically active substances. The main
advantage of nanocapsules for drug delivery is the efficient protection of therapeutic
agents against degradation or oxidation. It is possible to achieve durability, compat-
ibility, and controlled release of the ingredients. Weidenheimer et al. altered the
formulation for the synthesis of soft gelatin capsules by adding plasticizing agents
such as formamide, acetamide, lactamide, mannitol, or glycerine [102]. Starch as a
native polymer and modified starches are now established for the microencapsula-
tion of, e.g., fragrances [103, 104] or drugs [105].

The suspension polymerization process allowed the formation of capsules of
1-30um consisting of migrin oil as core and polyurea as wall material. The
latter was formed by interfacial polycondensation reactions between different di-
isocyanates and emulsified ethylenediamine [106].

The synthesis of nanocapsules can best be obtained in miniemulsion using dif-
ferent approaches [107]. One possibility is based on the phase separation process
within a droplet during the polymerization [108]. Here, vinyl monomers were
polymerized in the presence of a hydrophobic oil. During the polymerization, the
polymer becomes insoluble in the oil, leading to a phase separation. With properly
chosen physicochemical properties of monomer and encapsulated material, a poly-
meric shell surrounding the liquid core can be formed.

In another approach, the polymer is precipitated from the continuous phase onto
on stable nanodroplets in an inverse miniemulsion [109]. In this case, a miniemul-
sion with the liquid core material is formed in a continuous phase that consists of a
mixture of a solvent and a nonsolvent for the polymer. That way, PMMA nanocap-
sules encapsulating an antiseptic agent could be produced.

As a third possibility, nanocapsules in a miniemulsion system could be achieved
using different interfacial reactions in inverse miniemulsions. The formation of
polyurea, polythiourea, and polyurethane nanocapsules synthesized through the
polyaddition reaction has been described in detail [110-112]. The size of the
nanocapsules could be controlled by the amount of surfactant used and the addi-
tion time of the diisocyanate. The wall thickness was adjusted by the amount of
employed monomers. dsDNA molecules were successfully encapsulated into poly-
butylcyanoacrylate (PBCA) nanocapsules by anionic polymerization, which took
place at the interface between the miniemulsion droplets and the continuous phase
[113].

The crosslinking of starch at the droplet interface in inverse miniemulsion
leads to the formation of hydrogels. The formulation process for the preparation
of crosslinked starch capsules in inverse miniemulsion is schematically shown in
Fig. 10. The influence of different parameters such as the amount of starch, surfac-
tant P(E/B-b-EO), and crosslinker (2,4-toluene diisocyanate, TDI) on the capsule
size and stability of the system were studied. The obtained capsules were in a size
range of 320-920 nm. Higher amounts of starch and surfactant result in a smaller
capsule size. The TEM images of crosslinked starch capsules prepared with differ-
ent amount of crosslinker (TDI) are presented in Fig. 11. The nanocapsules can be
employed as nanocontainers for the encapsulation of dsDNA molecules with differ-
ent lengths [114] and for the encapsulation of magnetite nanoparticles.
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Fig. 10 Preparation of crosslinked starch capsules in an inverse miniemulsion

Fig. 11 TEM images of starch-based hydrogels in cyclohexane using different amounts of
TDI[114]

9 Molecular Imprinting

The preparation of noncovalent molecularly imprinted particles consisting of
EGDMA as crosslinker and methacrylic acid as functional monomer was described
using the process of miniemulsion polymerization [115]. The obtained particles
were in a size range of 185-220nm. A high amount of crosslinking agents leads to
the formation of microgel particles and therefore enables the polymer network to be
maintained during dissolving the template. In this specific case, hydrogel nanoparti-
cles were not prepared, but microgel nanoparticles that can swell in organic solvents.
The preparation of molecularly imprinted particles and their utilization for molec-
ular recognition are schematically presented in Fig. 12. Different kinds of particles
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Fig. 12 Preparation of molecularly imprinted particles and their use for molecular recognition:
Template molecules induce the formation of binding sites during the miniemulsion polymerization.
The templates are extracted from the highly crosslinked particles and are molecularly recognized
by the selective binding sites on the nanospheres [114, 115]

were synthesized by varying the molar ratio of monomer to crosslinker and in the
presence or absence of a chiral template, i.e., L- or D-Boc-phenylalanine anilid.
A protected amino acid, L- and D-Boc-phenylalanine anilid (BFA), were chosen as
model templates SDS was used as surfactant and hexadecane as hydrophobic agent
to prevent Ostwald ripening of the miniemulsion. The efficiency of the molecular
imprinting effect was examined by binding experiments and quantified by UV. It
was found that the best enantioselective molecular recognition properties were for
particles with a molar ratio of the monomer to crosslinker (MAA:EGDMA) of
0.25:1. The preparation of molecularly imprinted polymers using the miniemulsion
polymerization approach is highly efficient in regard to the yield of useful particles
as well as in recycling of the templates [115].

10 Concluding Remarks

In summary, the formation of various gel-type materials using different synthetic
routes has been described in this contribution. The advantages of the miniemul-
sion technique include its versatility in terms of the materials used and the reaction
conditions, simplicity of formulation, and high reproducibility. The miniemulsion
technique allows one to produce nanoparticles with controlled size and surface prop-
erties, which are very important parameters for further application in the area of
nanotechnology.
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Nano- and Microgels Through Addition
Reactions of Functional Oligomers and Polymers

Krystyna Albrecht, Martin Moeller, and Juergen Groll

Abstract Nano- and Microgels are predominantly prepared using radical poly-
merization techniques. This chapter reviews alternative approaches to microgel
preparation based on addition reactions of functional oligomers and polymers. This
allows preparation of microgels under physiological conditions and in the presence
of biologically active molecules without affecting their function. This method is
therefore predominantly used to synthesize microgels for biomedical applications.
Different crosslinking chemistries that have been used in this context are presented
and discussed with regard to reaction conditions and stability of the reaction prod-
uct. Microgels that have been prepared by these techniques are divided into two
groups. Natural polymers used for the preparation of microgels are described first,
followed by artificial prepolymers that are suitable for the preparation of micro-
gels. The different preparation methods as well as the resulting microgels and their
properties are presented and discussed.

Keywords Addition reactions - Disulfide bridges - Drug delivery - Michael
addition - Microgel - Prepolymers

Contents

1 ST oT Lot A o) ) 67
Crosslinking MechaniSms .........oooueeiit i e 68
2.1 Disulfide Bond FOrmation..........cooeeeeeieiiiiiiiiiiiiiiiiiiiiiiiaaaannns 68
2.2 Michael Addition .......c.uuuuiiiie ittt e e e e aaaean s 69
2.3 Condensation REACHONS . ... ..uuuuii ittt ettt aa e 69
2.4 Other MeChaniSImS . ...uuuue ittt ettt e e e ee e e erieee e e eeanaaeenns 72

K. Albrecht, M. Moeller, and J. Groll ()

DWTI e.V. and Institute of Technical and Macromolecular Chemistry, RWTH Aachen University,
Pauwelsstr. 8, 52056 Aachen, Germany

e-mail: albrecht@dwi.rwth-aachen.de; moeller@dwi.rwth-aachen.de; groll @dwi.rwth-aachen.de


albrecht@dwi.rwth-aachen.de;
moeller@dwi.rwth-aachen.de;
groll@dwi.rwth-aachen.de

66

K. Albrecht et al.

3 Biopolymer Micro- and Nanogels. ........oouiiiuuiiiit i i 73
3.1 BIOPOLYIMEIS ettt ettt e e e e e e e 73
3.2 Disulfide Bond FOrmation............oouuiiiiiiiiiiie e eiiiieeeenn 75
3.3 Michael Addition ........eeueuirit e 78
3.4 Condensation REACHONS . . .....euttitt ettt 80
3.5 Other MeChaniSmS . ... ..couuuuitt it e e 81

4 Nanogels Prepared from Synthetic Polymers...........oooviiiiiiiiiiiiiiiiii i, 81
4.1 Suitable Prepolymers . ......ooueoiiit i 81
4.2 Disulfide Bond Formation..............ooiiiiiiiiiiiiiiiiiiiiiiii i e eeaaaaaans 84
4.3 Michael Addition ..........ooiutiii i e 85
4.4 Condensation Reactions ...........ceuiiiiiiiittt ittt eeaes 86
4.5 Other MeChaniSms. . .....uueirtt it e 89

5 {07075 Ted 18 ) 89

RETBICIICES ..ottt e e 90

Abbreviations

BBMEC Bovine brain microvessel endothelial cell lines

BSA Bovine serum albumin
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TEM Transmission electron microscopy

TPP Tripolyphosphate

1 Introduction

Microgels and nanogels, three-dimensionally crosslinked hydrophilic polymer
networks with finite dimensions in the micro- and submicrometer range, have raised
considerable attention over the last decade. They combine the characteristics of hy-
drogels, like high water content, diffusion processes into and through the network,
as well as tunable chemical and mechanical properties, with the features of colloids
such as high surface area [ 1, 2]. Traditionally, microgels are prepared by free-radical
precipitation polymerization, a technique that is reviewed in the chapter by Pich and
Richtering [3]. Methods that have been used for the preparation of microgels com-
prise photolithography, micromolding, microfluidics, spray-drying, homogeneous
phase crosslinking and inverse emulsion techniques [4], the latter being reviewed in
detail in the chapter contributed by Landfester and Musyanovych [5].

An alternative concept for the preparation of microgels is based on crosslink-
ing of well-defined macromolecular building blocks, either by direct interaction
between the (pre-)polymers or by the use of low molecular weight crosslinkers
[6-8]. Such a prepolymer condensation concept allows the use of building blocks
with predefined tailored properties and the choice of crosslinking chemistries that
tolerate functional groups that interfere with radical polymerization, like thiols. Fur-
thermore, crosslinking can be performed under application-relevant conditions such
as physiological temperature, ion strength and pH. For these reasons, micro- and
especially nanogels prepared by this method are particularly suitable for biomed-
ical applications such as targeted delivery of low molecular weight drugs, siRNA,
proteins, peptides, or plasmids into cells.

Nanogels from functional macromers can generally be prepared either by chemi-
cal covalent crosslinking through addition reactions or radical polymerization or by
physical non-covalent crosslinking. The latter includes crosslinking by ionic interac-
tion and polyelectrolyte complexation (coacervation) as well as self-assembly of hy-
drophobically modified polymers. This chapter particularly focuses on the formation
of covalently crosslinked microgels through addition reaction, either directly be-
tween polymers and prepolymers or by the use of low molecular weight crosslinkers.
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Radical polymerization techniques that are for example used for the crosslink-
ing of methacrylate-modified polysaccharides [9] are not included in this chapter.
Prepolymer crosslinking through radical polymerization techniques as well as non-
covalent microgel formation has recently been reviewed in a number of excellent
review articles [2, 4, 10—14] and is thus not discussed within this chapter.

In the following section, the chemistries used for crosslinking are presented in
more detail. Microgels prepared from biopolymers and synthetic prepolymers will
subsequently be addressed in Sects. 3 and 4, respectively.

2 Crosslinking Mechanisms

2.1 Disulfide Bond Formation

The reversible reaction between two thiol (sulfhydryl) groups that form a disulfide
bridge under oxidative conditions, which is rapidly cleaved back to free thiols under
reductive conditions [15, 16] (Scheme 1), has widely been used for the preparation
of hydrogels and microgels.

Because deprotonation of thiol to thiolate is the first step in disulfide forma-
tion, acidic conditions stabilize free thiols, whereas disulfide formation is fast under
neutral and basic conditions. For reduction of disulfides to thiols in an aqueous en-
vironment, dithiothreitol (DTT), 2-thioethanol, triscarboxyethylphosphin (TCEP),
or glutathione (GSH) are commonly used as reduction reagents. GSH is a tripep-
tide (Glu-Cys-Gly) with an unusual peptide linkage between the y-carboxy group
of glutamate and the amino group of cysteine [17, 18]. It is present in the cytosol
of mammalian cells with a concentration in the range of 0.5-10mM and acts as
major protection against oxidants such as reactive oxygen species. When reacting
with oxidants, GSH itself is oxidized and forms disulfides (GSSG). In a healthy cell,
90% of GSH is present in the reduced form. In contrast to the fluid inside cells, the
concentration of GSH in blood and the extracellular matrix (ECM) is lower than
20uM. This high redox potential difference between the neutral or oxidizing ex-
tracellular space and the reducing intracellular space makes disulfide-crosslinked
nano- and microgels especially attractive as drug delivery systems due to the possi-
bility of controlled biodegradation of the crosslinked network, and thus quantitative
drug release in the cytosol [19, 20].

Disulfides form spontaneously by autoxidation of thiols upon exposure to air.
This process is, however, relatively slow and not useful for most microgel prepara-
tion techniques. Thus, oxidizing catalysts such as diamide [21], peroxides [22], and
sodium tetrathionate [23], or a catalyst based on Fenton chemistry [24], are often
applied in order to shorten the oxidation time.

Scheme 1 Disulfide

formation by oxidation
of thiols 2RSH <<= RSSR +2e¢— +2H*
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Scheme 2 Michael addition reaction of acrylates, vinylsulfones, and maleimides with thiol

2.2 Michael Addition

Michael addition is a facile reaction between nucleophiles and activated olefins and
alkynes in which the nucleophile adds across a carbon—carbon multiple bond [25].
For the preparation of hydrogels, the hydroxyl, thiol or amine functionalities have
been reacted with vinyl sulfones [26-28], acrylates [29-31], acrylamides [32], and
maleimides [33, 34] (Scheme 2).

As electron-rich olefins are more reactive, vinyl-sulfones are the most reactive
species and are capable of reacting with thiols, amines, and even with small nu-
cleophilic alcohol groups. Less reactive are acrylamides and acrylates, which are
reactive towards amines and thiols. Maleimides are the least reactive of the men-
tioned species and allow selective addition of thiols in the presence of amines in
the pH range 6.5-7.5. However, hydrolysis of the imide, especially at elevated pH
values [35], may be a concern for certain applications. The mentioned Michael addi-
tion reactions do not require organic solvents and can be carried out at physiological
temperature and pH [36]. In acidic conditions, the reaction is either very slow or
does not proceed because protonation removes the nucleophilic form in the case
of amines, and the thiolate anion is usually the active species in Michael additions
involving thiols [25].

2.3 Condensation Reactions

A condensation reaction is a chemical reaction in which two molecules or functional
groups combine to form a single molecule, accompanied by the loss of a small
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Scheme 4 Synthesis of hydrazone linkages from hydrazide and aldehyde compounds

molecule. Such reactions have been widely applied for the preparation of microgels
(Schemes 3-8). An excellent detailed overview of different conjugation routes and
the advantages and disadvantages of the different approaches can be found in [37].

A great deal of work has been done on microgel preparation through reaction be-
tween aldehydes and primary amines to Schiff bases (Scheme 3). These are unstable
in aqueous solution and can be reversibly hydrolyzed to the initial compounds. Thus,
reduction of the Schiff base, for example using sodium cyanoborohydride, is often
used as a second step that results in highly stable alkylamine bonds [37]. Aldehyde
groups can also spontaneously react with hydrazide compounds leading to the for-
mation of hydrazone linkages — a special type of Schiff base that is more stable in
aqueous conditions (Scheme 4). However, its stability can be further increased by
the reduction of the double bonds.

Carbodiimides are widely used as mediating agents in the reactions between
carboxylates and amines or hydroxyl groups, resulting in the formation of amide
and ester bonds, respectively. They are very popular zero-length crosslinkers for
conjugation of biomolecules such as protein, peptide, or oligonucleotide, for cou-
pling of biomolecules to surfaces, and for conjugation of synthetic molecules
[38, 39]. Two commonly used carbodiimides are the water-soluble 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and the water insoluble
N,N’-dicyclohexylcarbodiimide (DDC) (Scheme 5). They both react with the car-
boxyl group to form active acylisourea intermediates. Upon conjugation with
amines or hydroxyl compounds, isourea byproducts are formed.

Homobifunctional NHS esters and imidoester crosslinkers are widely used for
the crosslinking of amine-containing compounds. They can both contain disulfide
bridges that, upon crosslinking, lead to the formation of redox-sensitive particles
[40, 41]. NHS ester reaction with primary or secondary amines leads to stable amide
and imide linkages, respectively (Scheme 6). The NHS esters can also react with
thiol and hydroxyl functionalities; however, this leads to thioester and ester link-
ages that are susceptible to hydrolysis and thus not stable in aqueous environments,
especially in slightly basic physiological conditions.
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Imidoesters react with primary amino groups to form amidine bonds (Scheme 7).
The amidine bonds are protonated and carry a positive charge at neutral and physi-
ological pH. In addition, they are relatively stable at low pH but prone to hydrolysis
at elevated pH.

N,N’-Carbonyldiimidazole (CDI) is a highly reactive carbonylating agent that
is used for activation of carboxyl or hydroxyl groups for conjugation to amines
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[37, 42]. Similarly to carbodiimide-mediated conjugation, the coupling reaction is
a two-step process (Scheme 8). First, an active intermediate imidazole derivative
is generated, followed by the formation of an amide bond in the case of carboxyl
groups, or a carbamate linkage in the case of a hydroxyl derivative conjugation.

2.4 Other Mechanisms

Isocyanates react rapidly with thiol, amine, or hydroxyl groups resulting in thiourea,
urea, and carbamate linkages, respectively (Scheme 9). Without the use of catalysts,
the reaction is fastest for thiols that are most nucleophilic, followed by amines and

alcohols.
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When primary aliphatic isocyanates that show the lowest reactivity compared to
secondary or aromatic isocyanates are used in combination with hydrophilic (pre-)
polymers, crosslinking may be performed in aqueous solution without the use of
additional crosslinkers. At neutral pH, hydrolysis of isocyanates to carbaminic acid
with subsequent decarboxylation yields amines. These amines react much more
rapidly than water with isocyanates, resulting in crosslinking if the functionality per
macromolecule is more than two [43]. This crosslinking reaction can be quenched
by adjustment of the pH value. At pH values above 10, carbamate formation is faster
than decarboxylation, whereas at pH values below 3 an almost quantitative proto-
nation of the formed amino groups results in the formation of ammonium. In both
cases, chemical crosslinking is prevented.

Anhydrides are also highly reactive toward nucleophiles; however, only the reac-
tion with amines towards amide linkages results in products that are stable against
hydrolysis [44] (Scheme 10). In contrast, the reaction with both thiol and hydroxyl
functionalities leads to the formation of unstable thioesters and esters, respectively.

3 Biopolymer Micro- and Nanogels

3.1 Biopolymers

Hydrogel micro- and nanoparticles composed of biopolymer matrixes have gained
a lot of attention in recent years due to their application in drug delivery and tissue
engineering [10, 14, 45-47]. The biopolymers used for these purposes are nontoxic,
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biodegradable, abundant in nature, frequently cheaper than synthetic polymers and,
in addition, many of them show a number of interesting physicochemical properties
that make them especially interesting for drug delivery applications. They posses a
high content of functional groups including hydroxyl, amino, and carboxylic func-
tionalities that can be used both for the crosslinking reactions as well as for the
conjugation of bioactive compounds [48-50].

The typical biopolymers used for the preparation of micro- and nanogels are
polysaccharides (Scheme 11): cellulose (CL), chitosan (CS), hyaluronan (HA),
heparin, pullulan (PuL), dextran, and gelatin — a proteinaceous polyamolytic gel
obtained by partial hydrolysis of collagen. Gelatine microgels are addressed by
Landfester and Musyanovych in another chapter of this issue [5] and will thus not
be discussed further here.

CL is a B-(1—4)-linked homopolymer of D-glucose. It is the most abundant
polysaccharide in nature and the major building element of plants. CS is a polysac-
charide obtained by deacetylation of chitin, which is similar in structure to CL as
they are both composed of linear 3-(1—4)-linked monosaccharides. However, CS
is different to CL in that it is composed of 2-amino-2-deoxy-fB-D-glucan combined
with glycosidic linkages [51]. Primary amine groups render special properties that
make CS very useful in biomedical applications. Compared to many other natural
polymers, CS has a positive charge and is mucoadhesive [52]. Therefore, it is used
extensively in drug delivery applications. An additional benefit is the antibacterial
effect of CS.
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HA is an unsulfated glycosaminoglycane composed of repeating disaccharide
units of D-glucuronic acid and N-acetylglucosamine linked o-(1—4) and B-(1—3),
respectively. HA has special importance because it is a component of the ECM
[53] in the soft tissues of mammals, where it mainly ensures water retention [54].
This enables the transport of nutrients to, and removal of waste from, cells that do
not have a direct blood supply, such a cartilage cells. Moreover, HA is present in
the synovial joint fluid, the vitreous humor of the eye, cartilage, blood vessels, and
the unbilical cord. More detailed information about the biological functions and
physicochemical properties of HA can be found elsewhere [55, 56].

Heparin is a linear polymer consisting of repeating units of 1—4-linked pyra-
nosyluronic acid and 2-amino-2-deoxyglucopyranose (glucosamine) residues. It has
the highest negative charge density of any known biological molecule. Heparin is
a well-known anticoagulant that, in addition, is involved in diverse physiological
processes through interaction with a number of proteins having heparin-binding do-
mains [57].

PuL is a linear bacterial homopolysaccharide originating from Aureoba-
sidium pullulans. Tts backbone is formed by glycosidic linkages of o-(1—6)
D-glucopyranose and o-(1—4) D-glucopyranose units in a 1:2 ratio. It has a num-
ber of applications in the food and beverage industry, in pharmaceuticals, and in
manufacturing and electronics [49].

Dextrans are glucose homopolysaccharides that have a considerable number of
consecutive a-(1—6) linkages in their major chains, usually more than 50% of
the total linkages. These o-D-glucans also possess side-chains stemming from o-
(1—-2), a-(1—3), or a.-(1—4) branch linkages.

3.2 Disulfide Bond Formation

The group of Bernkop-Schniirch describes the preparation of thiolated CS micropar-
ticles loaded with insulin as a potential carrier for nasal delivery. For thiolation,
2-iminothiolane (Traut’s reagent) was covalently linked to CS via amidine bonds,
leading to the formation of CS-4-thiobutylamidine. These polymers show higher
mucoadhesive and permeation-enhancing properties than unmodified CS [58-60],
which makes them ideal precursors for nasal or oral drug delivery systems. Micro-
gels were prepared either by water-in-oil (w/0) emulsification solvent evaporation
[61] or by a precipitation—micronization technique [62]. Both preparation meth-
ods resulted in comparable average particle diameters: 18.7 & 0.3 um for the w/o
particles and 18.0 & 0.7 um for the precipitation—micronization technique. This di-
ameter is in the right range for application in nasal drug delivery since particles
greater than 10um are mainly deposited in the nasal cavity. Thiolated CS/DNA
complexes with a mean diameter of 125 nm have been prepared in aqueous solu-
tion [63]. The decrease in the number of thiol groups was measured in order to
prove disulfide bond formation. In comparison to the particles prepared by com-
plexation of DNA with thiol-free CS, the oxidized particles with DNA showed an
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increased stability to artificial intestinal fluid, a triggered release in a reducing envi-
ronment, and improved transfection efficiency. Chitosan-N-acetylcysteine (NAC)
nanoparticles were investigated as a nonviral gene carrier [64]. Coupling of the
N-acetylcysteine to CS was mediated through the carbodiimide reaction. The CS—
NAC/DNA particles have been prepared in water and the oxidation of free thiol
groups was catalyzed by the addition of hydrogen peroxide. The resulting oxidized
nanogels had a mean diameter of 73 nm. They showed enhanced stability in compar-
ison to the non-crosslinked particles against polyanionic heparin as well as alkaline
pH. The same thiolation of CS was applied by Atyabi et al. [65]. Subsequently,
amikacin-loaded nanoparticles with an average diameter of 280 nm were prepared
by tripolyphosphate (TPP) gelation, in which disulfide bond formation was achieved
by time-dependent oxidation.

Lee at al. describe the preparation of thiolated CS/pDNA nanocomplexes us-
ing an aqueous homogeneous chemical gelation process [66]. The thiolated 33 kDa
CS derivative was synthesized by a carbodiimide-mediated reaction with thio-
glycolic acid. During particle preparation, the content of the free thiol groups
decreased constantly, indicating the formation of inter- and intramolecular disul-
fide bonds. Whereas coacervate complexes of unmodified and thiolated CS with
pDNA were 1204+ 7nm and 113 + 7nm in diameter, respectively, the crosslinked
particles showed a diameter of 220 + 16 nm (as determined by DLS). Although the
non-crosslinked thiolated CS provided higher transfection efficiency in vitro, the
disulfide-crosslinked complexes showed a more sustained pDNA release profile and
significantly higher gene expression in comparison to non-crosslinked systems, es-
pecially at 14 days post-intranasal administration in a mouse model.

Another strategy was pursued by Shu et al., who prepared CS-based disulfide so-
lidified polyelectrolyte nanogels through mild ionic gelation [67]. In this procedure,
50kDa CS dissolved in acetic acid was added dropwise to an aqueous solution of
polyaspartic acid functionalized with cysteamine (PASP-CA). The resulting coacer-
vates were covalently fixed by chloramine-T-mediated disulfide formation between
the PASP-CA chains. Such nanogels were successfully loaded with insulin and
showed a pH-dependent size variation, with shrinkage to 127.2 + 1.9nm at pH 1.2
and expansion to 172.8 +2.4nm at pH 6.8, indicating a suitability of these particles
for oral drug delivery applications (Fig. 1).

Preparation of erythropoietin (EPO)-loaded HA microgels was described by
Hahn et al. [68]. Therefore, thiolated 200 kDa HA was synthesized by adding Traut’s
reagent to HA grafted with adipic acid dihydrazine. Under addition of sodium
tetrathionate as a specific crosslinking reaction accelerator, microgels with a diam-
eter of 2.3 um were prepared by spray drying. Lee et al. prepared thiolated 132 kDa
HA by mixing HA in PBS with an excess of EDC and HOBt prior to addition
of cysteamine dihydrochloride [69]. Subsequently, the disulfide bonds in the con-
jugated cysteamine were cleaved by DTT. The resulting thiol-HA was used for
the preparation of disulfide-crosslinked nanogels with physically entrapped green
fluorescence protein siRNA by an inverse w/o emulsion approach. A 1:1 mixture
of Span80 and Tween80 surfactants resulted in nanogels with a hydrated diam-
eter of ca. 200nm. These nanogels effectively protected the encapsulated siRNA
from enzymatic degradation, and the release of the siRNA from the nanogels was
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Fig. 1 Representation of the pH-responsive characteristics of PASP-CA—CS NPs in different pH
environments. Reprinted from [67] with permission. Copyright 2009 Royal Society of Chemistry

dependent on the concentration of GSH. The siRNA/HA nanoparticles showed a
considerable gene silencing effect in serum conditions. The same group prepared
disulfide-crosslinked HA microgels (average diameter of 16.2 + 8.3 um) from thi-
olated 17kDa HA by a w/o suspension preparation with hydrogen peroxide as
oxidation catalyst. These microgels were used as templates for the preparation
of shell crosslinked HA/polylysine layer-by-layer polyelectrolyte microcapsules
through layer-by-layer deposition onto the microgels and final removal of the re-
ducible HA microgel cores with DTT [70].

Recently, dual stimuli-responsive disulfide-crosslinked nanogels were prepared
by covalently linking sulfanylthiocarbonylsulfanyl (STS) to 100 kDa PuL. and sub-
sequent grafting of short PNIPAM chains through reversible addition-fragmentation
chain transfer (RAFT) polymerization of NIPAM [71]. Aminolysis of the STS
functionalities at the PNIPAM chain ends with isopropylamine yields thiol groups.
Upon temperature increase of an aqueous polymer solution to 50°C, the PNIPAM
chains collapse and nanogels result from a process of thiol conversion to disulfides
through exposure to a flow of air for 24 h. The crosslinked particles retained their
integrity also at temperatures below the lower critical solution temperature (LCST)
of the PNIPAM chains and displayed a hydrodynamic radius of ~87nm at 25°C,
indicating the formation of disulfide crosslinks in the nanogel matrixes (Fig. 2). Re-
heating the nanogel solution to 40°C led to a sharp decrease in the nanogel size
(Rn = 54.5nm). DLS analysis confirmed cleavage of the disulfide crosslinks to free
thiols upon addition of a reductive agent, demonstrating that these nanogels are both
redox- and temperature-sensitive.
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Fig. 2 (a) Temperature- and redox-responsive disulfide-crosslinked PNIPAM-g-PuL nanogels.
(b) Hydrodynamic radius of the dual-responsive nanogels in water below and above LCST.
Reprinted from [71] with permission. Copyright 2008 American Chemical Society

Disulfide-crosslinked heparin nanogels were prepared for efficient cellular
uptake of heparin in order to induce apoptotic cell death [72]. Thiol-functionalized
heparin was synthesized by selective oxidation of the D-glucuronic acid residues of
heparin with sodium periodate, followed by the addition of cysteamine hydrochlo-
ride. Nanogels were prepared in a two-step procedure. In the first step, thiolated
heparin and poly(ethylene glycol) (PEG) were dissolved in DMSO, leading to
spontaneous physical complexation. Subsequently, disulfide bond formation be-
tween adjacent heparin molecules was induced by sonication. The obtained stable
nanogels, with an average diameter of 250nm in water, rapidly disintegrated and
released free heparin upon reduction with GSH. These nanogels enhanced the in-
ternalization of heparin and, in addition, significantly reduced the proliferation of
mouse melanoma cells.

3.3 Michael Addition

Divinyl sulfone (DVS) is a homobifunctional crosslinker that reacts rapidly with
nucleophiles including hydroxyl, amine, and thiol functionalities through Michael
addition. The stability of the crosslinked products strongly depends on the pH and
on the reactant. Products resulting from addition of hydroxyl groups are unstable
above pH9, and reaction between DVS and amines yield products that are unsta-
ble above pHS8 [73]. In a series of publications, Hu et al. presented the use of
DVS for the preparation hydroxypropylcellulose (HPC) nanogels [74—76]. These
particles were synthesized in aqueous solution in a two-step process. First, the as-
sociation of HPC above its LCST (~41°C) led to metastable aggregates, followed
by crosslinking through addition of DVS. The size of the particles was dependent
on the temperature, according to the temperature sensitivity and LCST of HPC. HA
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hydrogel particles with a diameter of 900 nm were synthesized by DVS crosslinking
in inverse microemulsion [77]. The particles were further modified with aldehyde
functionalities by oxidizing the —OH groups with sodium periodate. The aldehyde-
functionalized HA nanogels were used for a second crosslinking with HA derivative
containing hydrazide groups, which resulted in three-dimensional hydrogels for soft
tissue regeneration.

As DVS is highly cytotoxic, and the use of biocompatible crosslinkers with
similar reactivity but based on PEG have been intensively studied. Eight-arm, star-
shaped PEG with vinyl sulfone endgroups (PEG-octavinylsulfone, PEG-OVS) was
used as a crosslinking agent for preparation of bovine serum albumin (BSA) micro-
gels [78]. In this reaction, microgels were formed upon Michael-type conjugation
between amine functionalities of BSA and vinyl sulfone groups of PEG-OVS. The
particles were prepared in aqueous solution by mixing BSA and PEG-OVS and
maintained at 37°C until the desired mean effective diameters were reached. Subse-
quently, the particles with diameters of ca. 100 nm were used for preparation of thin,
biologically active hydrogel coatings through Michael addition covalent conjuga-
tion between PEG-OVS and thiol-functionalized substrates. These coatings showed
reduced protein adsorption and cell adhesion.

Well-ordered, raspberry-like assemblies of cholesterol-bearing Pul. (CHP) parti-
cles were prepared by Michael addition of acrylate-group-modified CHP nanogels
with four-arm star-shaped PEG bearing thiol groups at the terminus (PEGSH;
Fig.3) [79].

a

18 nm

CHPANG PEGSH A-CHPNG

Fig. 3 Characterization of the assembly of nanogels (A-CHPNG). (a) SFM image of A-CHPNG.
(b) TEM images of A-CHPNG. (c) Formation of A-CHPNG. Reprinted from [79] with permission.
Copyright 2009 Elsevier
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CHP bearing acryloyl groups (CHPA) was synthesized by acrylic acid esterifi-
cation mediated with DCC. CHPA nanogels (CHPANG) with a diameter of 18 nm
were prepared by self-assembly of CHPA in PBS. Subsequently, PEGSH was added
with a molar ratio of acrylate to thiol groups of 1:1. Depending on the concentra-
tion of CHPANG and PEGSH, the size of the resulting particles was in the range of
40-120nm.

3.4 Condensation Reactions

Glutaraldehyde has been mainly used as an effective crosslinker for the preparation
of CS particles. It reacts with the primary amine groups of CS to form Schiff bases
[80]. Several reports deal with glutaraldehyde-crosslinked CS particles prepared
through w/o emulsion. Various drugs including 5-fluorouracil, phenobarbitone,
theophylline, aspirin, griseofulvin, and progesterone were loaded into such parti-
cles of sizes in the range 30-450um [81-84]. Kumbar et al. prepared CS particles
loaded with diclofenac sodium using three different crosslinking mechanisms: glu-
taraldehyde, sulfuric acid, and heat treatment [85]. Among those, glutaraldehyde-
crosslinked microspheres showed the slowest drug release, indicating the highest
degree of crosslinking. Mitra et al. describe glutaraldehyde-crosslinked CS nanopar-
ticles encapsulating doxorubicin—dextran conjugate [86]. Nanogels were prepared
by a reverse micellar method that resulted in spherical, highly monodispersed hy-
drogel nanoparticles with a diameter of 100 + 10nm.

Spray drying is another method that has been used for preparation of crosslinked
CS microspheres with sizes in the range 3—13 um. Upon increasing the amount of
crosslinker (glutaraldehyde or formaldehyde) added, the resulting particles are less
irregular and their size decreased [87, 88]. A membrane emulsification method has
been applied for the preparation of glutaraldehyde-crosslinked CS particles loaded
with BSA as a model drug. The diameter of the particles depended on the mem-
brane pore size and was in the range of 0.65-26.06 um [89]. Alternatively, the CS
microspheres were solidified by a two-step crosslinking method. As first step, a TPP
solution was dropped gradually into the emulsion. TPP caused physical crosslink-
ing of CS by diffusion into the droplets, generating microgels. In the second step,
an adequate amount of glutaraldehyde was added for covalent crosslinking [90].
It was found that glutaraldehyde-crosslinked CS microspheres are autofluorescent
due to presence of C=N bonds from the Schiff base and the C=C linkages from the
o, 3-unsaturated aldehyde polymers formed by the condensation and dehydration of
glutaraldehyde monomers. The particles remained autofluorescent after the reduc-
tion of the Schiff base due to C=C linkages [91]. Unfortunately, the cytotoxicity of
glutaraldehyde limits its application in the field of drug delivery, and the use of more
biocompatible crosslinkers is thus of advantage.

CS nanogels were synthesized by carbodiimide coupling of CS with an
oligo(ethylene glycol) dicarboxylic acid crosslinker in an aqueous homogeneous
chemical gelation process [92]. The hydrodynamic diameter of the resulting
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particles was in the range between 60 and 98 nm, depending on the ratio of
crosslinking agent to CS. Aggregates of the nanogels with sizes up to 340 nm, which
originated from secondary interactions between the single particles and intermolec-
ular crosslinking reactions, were found in all cases [93]. HA-DNA microspheres for
sustained gene delivery were prepared in w/o emulsion using adipic-dihydrazide-
mediated crosslinking chemistry. The resulting particles with diameters of 5-20 um
showed release of the encapsulated DNA that could be sustained for about 2 months
and was capable of transfection both in vitro and in vivo [94].

HA-based microgels for vocal fold regeneration were prepared by in situ
crosslinking of HA derivatives carrying hydrazine (HAADH) and aldehyde
(HAALD) functionalities via inverse emulsion [95]. Alternatively, PEG dialdehyde
My, = 3400gm01*l) was employed instead of HAALD. The size of the resulting
microgels was in the range of 10—12um. The microgels prepared from the HA
derivatives only were more resistant to enzymatic degradation than those crosslinked
with PEG dialdehyde. In addition, the former particles were nontoxic whereas
the PEG-crosslinked particles showed adverse effects in cell culture at higher
concentrations. The residual functionalities of the particles were used for further
crosslinking with reactive HA, which resulted in the formation of double crosslinked
networks [95].

3.5 Other Mechanisms

Ethylenediaminetetraacetic dianhydride (EDTADA) was used as a crosslinker by
Shen et al. for the preparation of CS-based nanogels [96]. The hydrodynamic di-
ameter of the particles was 80 and 74 nm at pH?2 and 11, respectively. These stable
CS-EDTADA nanogels showed a pH-dependent switch character that enables a re-
versible change of their surface charge to be positive at pH < 4.8 and negative at
pH > 5.2 (Fig.4).

4 Nanogels Prepared from Synthetic Polymers

4.1 Suitable Prepolymers

As mentioned above, the preparation of nanogels by addition reactions of functional
macromolecular precursors is mainly used for biomedical applications. Thus, the
choice of synthetic precursors for microgel formation is restricted to biocompatible
materials. Moreover, as most applications are in drug delivery, the molecular weight
of the gel precursors should be below the threshold for renal clearance, a value that
depends on the molecular architecture and chemical nature of the polymer but that is
usually smaller than 30kDa, which is set as the limit for linear PEG [97]. Polymers
that are mostly used and thus presented in more detail here are PEG, poly(glycidol)
(PG), and poly(ethylene imine) (PEI).
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Fig. 4 Top: Surface switch of the nanogel triggered by pH changes. Bottom: Chemical structure
of the CS-EDTADA nanogel. Reprinted from [96] with permission. Copyright 2007 Wiley

PEG is a hydrophilic, uncharged, biocompatible, and FDA-approved polymer
that has been used for decades for biomedical applications [98]. It is produced by
anionic ring-opening polymerization of ethylene oxide (oxiran), which results in
linear polymer chains. Surfaces that are coated with PEG show remarkable mini-
mization of protein adsorption [99, 100]. For particles, modification of the surface
with PEG chains (PEGylation) increases circulation times in blood (Stealth effect),
therefore both PEGylated liposomes (e.g., Doxil) and PEGylated drugs (e.g., Neu-
lasta) are clinically used. However, one drawback of PEG is the lack of functionality
because functional groups can only be present at the chain ends. This has been
addressed by the use of multifunctional initiators for polymerization, resulting in
star-like polymers with an increased amount of functional groups. While linear PEG
is commonly used for PEGylation or as crosslinking agent, star-shaped PEG is ad-
ditionally used for coating systems that comprise intermolecular crosslinking and
one-step functionalization [43], the generation of hydrogels [101-103] and, as dis-
cussed in more detail below, microgels.
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PG is a polymer that has raised increasing attention in recent years. PG is also
produced through anionic polymerization of the monomer. If glycidol (2,3-epoxy-
1-propanol) is used as monomer, the ring opening by the attacking anion generates
a second alcohol group in the molecule, so that subsequent initiation may occur
from both. Thus, branched structures are obtained by the polymerization of un-
protected glycidol [104, 105]. For the production of linear polymers, the primary
alcohol group of the glycidol-monomer has to be protected [106]. After polymer-
ization and deprotection, a linear polymer is obtained with a backbone identical to
PEG but with a hydroxymethylene side-chain at each repeating unit. Thus, PG can
be seen as the functional analog of PEG. Moreover, if orthogonally removable pro-
tective groups are used, functionalization of the deprotected alcohol groups can be
done in a controlled manner, in terms of both amount and localization along the
polymer chain [107]. Also, multifunctional initiators may be used for the produc-
tion of star-shaped molecular architectures [108]. Finally, the biocompatibility of
linear and branched PG has been demonstrated [109], which makes these polymers
a highly attractive alternative to PEG (Scheme 12).

Branched PEI is one of the most frequently employed cationic gene-delivery car-
riers and has been used as a gene-delivery vector since 1995 [110, 111]. It has a
high density of primary, secondary, and tertiary amine groups in a ratio of 1:2:1 of
which two thirds are protonated in a physiological milieu [112]. The unprotonated
groups provide a buffering effect over a wide range of pH. This unique property of
PEI makes it a strong “proton sponge,” a concept introduced by Behr et al. and ap-
plied to polymers that can buffer the endosome and induce its rupture, thus enabling
escape of endosomal content [ 110, 113]. Both gene transfection efficiency and cyto-
toxicity are strongly related to the molecular weight of PEI. High molecular weight
PEI showed superior transfection efficiency in comparison to low molecular weight
oligomer. However, the former is cytotoxic, whereas the latter shows no cytotoxic
effects. One of the possibilities for reducing cytotoxicity and enhancing the trans-
fection efficiency is the formation of small crosslinked PEI particles or polymers.

Generally, DNA complexation to such particles can be performed either by di-
rect crosslinking of PEI/DNA polyplexes with chosen amine-reactive crosslinkers
or by complexing the oligonucleotides or DNA by pre-crosslinked PEI particles.
It is important to mention that the latter method often yields low molecular weight
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crosslinked PEI polymers (2-30kDa), too small to be considered as nanogel par-
ticles. These polymers can be prepared by oxidation of thiol-modified polymers
[114], Michael addition reactions with the diacrylate crosslinkers [115, 116],
condensation reactions with redox-sensitive disulfide crosslinkers like dimethyl
3, 3/-dithiobispropionimidate (DTBP) and dithiobis(succinimidylpropionate) (DSP)
[116-118] ], or by other amine-active crosslinkers [12]. Degradability of the
disulfide-containing polymer carriers with the condensed DNA in the reduc-
tive environment was proven by the addition of reductive agents. The types of
the oligoamine and crosslinker influenced DNA binding, haemolytic and en-
dosomolytic membrane activity, transfection efficiency, and the cytotoxicity of
the carrier [116]. For crosslinked polymers prepared by Michael addition, the
biodegradability was assured through the presence of the ester bonds. Ethylene
glycol bis(succinimidylsuccinate) and disuccinimidyl suberate crosslinkers were
applied by Klibanov et al. [119]. The in vitro and in vivo gene delivery by these
crosslinked small molecular weight PEI was enhanced by up to 550- and 80-fold,
respectively, without a cytotoxicity increase. All these crosslinking routes can be
also applied for the micro- and nanogels preparation from PEI or other amine-
functional oligomers and polymers. A detailed overview on PEI and other nonviral
gene delivery vectors can be found in recent reviews [120-124].

4.2 Disulfide Bond Formation

Aliyar et al. describe nanogels prepared by intramolecular crosslinking of high
molecular weight polyacrylamide [125]. Thiol-functional polyacrylamide was syn-
thesized by copolymerization of acrylamide and N,N’-bisacryloylcystamine, and
subsequent reduction of the obtained gel using DTT. Dissolution of the thiomer
in water at very low concentrations followed by air oxidation at pH 7.5 resulted
in crosslinked particles. Diluted solution conditions favored the formation of
intramolecular crosslinks so that mainly single-chain nanogel particles were ob-
tained. Recently, we published a report on nanogels prepared from star-shaped
poly(ethylene oxide-stat-propylene oxide) [sP(EO-stat-PO)] or from linear PG
[126]. Both precursors were functionalized with thiol groups through carbodiimide-
mediated Steglich esterification between the free hydroxyl groups of the polymers
and the disulfide-containing dicarboxy acid. This reaction yielded hydrogels that
were subsequently reduced by cleaving the disulfide crosslinks to thiol groups.
Nanogels were prepared in inverse miniemulsion and the disulfide bond formation
was accelerated by addition of catalytic amounts of the hydrogen peroxide. Cryo-
scanning electron microscopy (cryo-SEM) and DLS were applied to characterize
the size of the nanogel particles in water (i.e., in the swollen state), and SFM was
used as a characterization technique for dry particles (Fig. 5).

The z-average particle diameter determined by DLS was 380 and 330 nm for
SP(EO-stat-PO) and PG nanogels, respectively. Based on the SFM analysis, the
diameter of the sP(EO-star-PO) nanogels in the dry state was determined to be
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0 10 um

Fig. 5 Cryo-SEM images of nanogels prepared from thiol-functional (a) sP(EO-stat-PO) and
(b) PG. SFM images of sP(EO-stat-PO) nanogels (c¢) before and (d) after reduction with GSH.
Reprinted from [126] with permission. Copyright 2009 Wiley

70+£5nm. By comparing this value with the size in aqueous environment, deter-
mined from cryo-SEM and DLS, a strong swelling ability of the nanogels in water
with an estimated swelling ratio of 3.5-5 was observed.

4.3 Michael Addition

Despite the increasing application of Michael addition reactions for the prepara-
tion of bulk hydrogels, to the best of our knowledge there are only two reports
dealing with nanogels prepared exclusively from synthetic polymers crosslinked
by this mechanism. Nanogels with average diameter of ca. 100 nm synthesized by
crosslinking PEG-OVS with eight-arm amine-terminated PEG-octamine (PEG-OA)
have been prepared by Elbert et al. according to the procedure described earlier
in Sect.3.3 [78]. The same prepolymers were used to fabricate microspheres in
order to exploit the LCST behavior of PEG particles in aqueous sodium sulfate
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Fig. 6 PEG-assisted DNA solubilization in DMSO and preparation of PEG/DNA nanogels:
(a) Plasmid DNA in water, (b) PEG/DNA nanocomplex in DMSO, and (c) stable DTME-
crosslinked PEG/DNA nanogel in water. Reprinted from [128] with permission. Copyright 2006
American Chemical Society

solutions [127]. During a “pre-reaction” in PBS below the cloud point, particles with
an average diameter of 100 nm were obtained. Subsequently, the solutions were di-
luted with sodium sulfate solution at room temperature, followed by an increase of
temperature to 37°C in order to induce phase segregation. In this process, depending
on the pH and the reaction time, particles with a size of 1-100 um were obtained.

The preparation of disulfide-stabilized nanogel PEG/DNA complexes with a di-
ameter of around 100 nm was reported by Mok et al. [128]. A thiol-functionalized
six-arm branched PEG was used for DNA solubilization in DMSO, which led to
spontaneous PEG/DNA nanocomplex formation. Subsequent addition of the thiol-
reactive dithio-bis-maleimidoethane (DTME) disulfide crosslinker led to stabilized
nanogels (Fig. 6) that showed high gene transfection efficiency.

4.4 Condensation Reactions

Chemically crosslinked nanogels based on PEG-c/-PEI were introduced by
Kabanov et al. in 1999 [129]. The nanogels exhibit the combined properties of
swollen polyelectrolyte and hydrophilic nonionic networks in which the PEI chains
bind oppositely charged macromolecules, leading to collapse of the network. Non-
ionic PEG fragments prevent precipitation and stabilize the nanogels in aqueous
dispersions [130]. The particles were prepared by crosslinking branched PEI with
bis-carbonyldiimidazole-activated PEG using emulsion techniques, followed by
evaporation of the solvent, maturation of the nanogels in aqueous solution and final
fractionation of the obtained particles by gel-permeation chromatography. Due to
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the positive charge of PEI, the nanogels can bind and encapsulate spontaneously
negatively charged molecules such as short oligomeric parts of DNA (oligo-
deoxyribonucleic acid, ODN; usually called oligonucleotides), resulting in the
formation of stable polyelectrolyte complexes. Upon loading with 20-mer antisense
phosphorothioate ODN, the diameter of the nanogels was reduced from 120 to
80 nm, together with a decrease of the zeta potential value due to the neutralization
of the PEI charges by ODN. The particles were stable in solution and no aggrega-
tion was observed over an extended period of time. In vitro studies showed that the
uptake of the ODN-loaded nanogels by multidrug-resistant human oral epidermoid
carcinoma cells was increased in comparison to free ODN [129]. Formation of hy-
drophobic domains in such nanogels was achieved by complexation of the particles
with anionic surfactants. Incorporation of surfactants such as sodium tetradecyl
sulfate had an onset at the “critical association concentration” which was two orders
of magnitude lower than the critical micelle concentration of the surfactant alone.
Interestingly, the dramatic decrease in nanogel diameter from 300 nm before to
50 nm after complexation was observed. The hydrophobic pockets in the nanogels
served as reservoirs for water-insoluble molecules. The nanogel/surfactant dis-
persions containing hydrophobic dyes or poorly water-soluble biologically active
molecules such as retinoic acid and indomethacin remained stable for several days
[131]. PEI/PEG nanogels with a diameter of 100 nm were also used as a carrier for
ODN transport across the blood-brain barrier (BBB) [132]. In vitro studies per-
formed with bovine brain microvessel endothelial cell lines (BBMEC) that served
as a BBB model demonstrated effective transport across cellular monolayers in
vitro. The permeability was further increased after modification of the nanogel
surface with insulin or bovine transferrin, proteins that target specific receptors at
the blood side of the brain epithelium. Remarkably, after transport through the BBB
model, the ODN remained mostly incorporated in the nanogel network and showed
only little degradation in comparison to free ODN. In vivo biodistribution studies
in a mouse model showed 15-fold higher accumulation of the nanogel-bound ODN
in the brain and a twofold decrease in liver and spleen compared to free ODN 1 h
after intravenous injection. A subsequent study confirmed the transport of such
nanogels, this time loaded with valproic acid, across a BBB model in vitro and ex-
plained the 70% increased transport over the cellular monolayer despite permanent
integrity of the cell layer as being due to specific transcytosis of the drug-loaded
nanogels [133]. PEI/PEG nanogels were also studied as a potential drug carrier for
the delivery of nucleoside analog 5'-triphosphates, an active form of cytotoxic anti-
cancer drug [134, 135]. The polyplexes formed spontaneously by mixing nanogels
with 5'-triphosphate of cytotoxic 5-fluoroadenine arabinoside (FATP). FATP en-
capsulated in the nanogel was well protected from in vitro enzymatic degradation
during the first 60 min of incubation. Remarkably, the drug—nanogel formulation
showed increased cytotoxicity in cultured cancer cells in comparison to the free
drug. Attaching folate to the nanogels as a targeting molecule resulted in a tenfold
increase in nanogel internalization in human breast carcinoma cells [134]. Alter-
natively, the PEI/PEG nanogels were prepared by PEI crosslinking with PEG-bis
(p-nitrophenylcarbonate) (p-NPC). The size of the particles was dependent on the
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molecular weight of PEG as well as on the crosslinking density. The PEI-PEG
nanogels were 16-fold more efficient as transferring agent than PEI itself [136].

Several small molecular weight homobifunctional crosslinker systems have
been used for the preparation of PEI particles. Nanogels solidified by crosslinking
through carbodiimide-mediated reaction with adipic acid as well as by dialdehyde
crosslinkers are described by Swami et al. [137]. Their size was dependent on the
crosslinking density and the crosslinker used and was in the range of 80-210nm.
As an alternative to thiol oxidation, redox-sensitive particles can be also obtained
through crosslinking functional polymers with low molecular weight disulfide
crosslinkers. This way, redox-sensitive PEI/PEG nanogels were prepared by DTBP
crosslinking. Subsequently, they were loaded with 5'-triphosphorylated Ribavirin, a
drug used for treatment of many respiratory infections including influenza A virus.
These biodegradable particles could easily be cleaved in the reductive environment
of the cytosol [138].

So far, all the described PEI gene carriers were prepared for ODN or DNA com-
plexation by crosslinked PEI particles. Kissel et al. compared the DNA polyplexes
prepared either by the method described above or by addition of the DSP crosslinker
in DMSO to a buffered aqueous solution of the PEI/DNA polyplexes, and thus
by covalent crosslinking after complexation [139]. Only the latter method yielded
small polyplexes with particle sizes of 100-300nm, for 0.05 and 0.30 crosslinking
degrees, respectively. In addition, pre-crosslinked PEIs showed decreased plasmid
compaction and stabilization properties, resulting most probably from incomplete
caging of the DNA (Fig.7). In vivo studies in mice showed that introduction of
the crosslinks after polyplex formation makes these polyplexes relatively stable in
the circulation, and their transfection efficiency after intravenous administration is
retained [140].

Recently, studies performed in DMSO revealed that it is crucial to remove traces
of both carbon dioxide and water in the crosslinking of PEI with DSP. In addition,
the DSP adding rate as well as its amount is important for the preparation of low
toxicity and high efficiency gene transfection vectors [141]. Super-expandable
nanogels that undergo nano- to microscale volume transition in response to

Fig. 7 Comparison of DNA complexation and caging for pre-crosslinked PEI nanogels (a) and
crosslinking of the gels after complexation (b). Reprinted from [139] with permission. Copyright
2006 American Chemical Society
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temperature were described by Lee et al. [142]. The particles were prepared
in o/w emulsion by chemical crosslinking between p-NPC terminally activated
oligo(L-lactic acid)-block-poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide)-block-oligo(L-lactic acid) penta-block-copolymer and the
amine groups of poly(ethylene oxide)-grafted poly(L-lysine). They exhibited a dra-
matic and reversible volume transition from 150 nm at 37°C to around 1.4 um upon
cooling to 15°C.

4.5 Other Mechanisms

Hydrogel microspheres from isocyanate-terminated sP(EO-stat-PO) [NCO-sP(EO-
stat-PO)] with an overall molecular weight of between 3 and 18 kDa were prepared
by homogeneous chemical gelation in aqueous solution. As the isocyanate group
at the distal ends of the star-shaped polymers originates from isophorone diiso-
cyanate, the molecules possess amphiphilic character with hydrophilic backbones
and hydrophobic end groups. Thus, in aqueous solution, the hydrophilic backbone
makes the molecules soluble, but the endgroups cause a driving force for aggregate
formation [143]. In addition, hydrolysis of the isocyanate groups leads to formation
of carbaminic acid, which, at neutral pH, instantly decarboxylates to form amine
groups. These amines react with unreacted isocyanate groups to form urea bridges.
Since the kinetics of amine addition to isocyanate is much faster than hydrolysis,
formation of urea bridges occurs preferentially until steric restrictions significantly
lower the reaction probability [144]. The microgel diameter increases with the con-
centration of the prepolymers and was in the range 3.7-8.1 um.

5 Conclusions

This chapter presents the different approaches for covalent microgel prepara-
tion based on addition reactions of functional oligomers and polymers. Different
crosslinking mechanisms, mainly Michael-type addition, disulfide formation from
thiols, and condensation reactions have been presented and compared. This set of
different mechanisms allows a proper application-dependent choice. As the pos-
sibility to use most of these mechanisms in the presence of biologically active
molecules without affecting their function and in physiological conditions is one
major advantage of this approach to microgel preparation, most studies are focused
on biomedical applications. Thus, either biopolymers or biocompatible artificial gel
precursors, predominantly PEI, PEG, or PG, have been used for microgel prepara-
tion. The summarized studies show that microgels prepared by addition reactions
possess high potential, especially for controlled and targeted drug delivery.
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Synthesis of Microgels by Radiation Methods

Franziska Krahl and Karl-Friedrich Arndt

Abstract The key features of applying radiation techniques to synthesize microgels
is the additive-free initiation and an easy process control. Therefore, radiation
methods are very suitable for applications in biosciences. Microgels with desired
dimensions can be obtained simply by varying the experimental parameters such
as concentration, radiation dose, or radiation temperature. By intramolecular cross-
linking of single polymer chains even nanogels with diameters smaller than 0.1 um
can be synthesized. Examples of microgels based on different polymers are summa-
rized in this article. The structure of various polymeric architectures such as micelles
or interpolymer complexes can be fixed by irradiation to form microgels with spe-
cific properties. Their huge application potential as well as selective examples are
described.

Keywords Intramolecular cross-linking - Nanogels - Radiation cross-linking -
Responsive polymers - Sensitive microgels
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Abbreviations

CMC Critical micelle concentration

CP Cloud point

DLS Dynamic light scattering

FESEM Field emission scanning electron microscopy

Gy Gray (1Gy=1Jkg™ 1)

HPC Hydroxypropyl cellulose

MWD Most-probable molecular weight distribution

PAA Poly(acrylic acid)

PAAm Polyacrylamide

PEO Poly(ethylene oxide)

PI Polyisoprene

PPO Poly(propylene oxide)

PPy Polypyrrole

PVME  Poly(vinyl methyl ether)

PVP Poly(vinyl pyrrolidone)

Py Pyrrole

SEM Scanning electron microscopy

SLS Static light scattering

Symbols

D Dose

D, Gelation dose

Dy Virtual dose

g Gel fraction

g Viscosity branching parameter

Gy Radiation yield of chain scission

Gy Radiation yield of cross-linking

M, Number-averaged molecular weight

My, Weight-averaged molecular weight

Po Degradation density

) Cross-linking density

Ry Radius of gyration

Ry Hydrodynamic radius
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s Sol content
T, Phase transition temperature
U0 Weight-averaged degree of polymerization before irradiation

1 Introduction

Radiation can contribute to biotechnology and bioengineering by various chemical
and physical means (polymerization, grafting, etching, cross-linking, etc.). Radia-
tion cross-linking of polymers is a very attractive production process for various
materials, including improved insulating wires and cables, heat-shrinkable mate-
rials, adhesives, interpenetrating polymer networks, and polymeric foams. There is
an increasing interest in radiation-induced polymerization and cross-linking in poly-
meric hydrogels. Radiation is used advantageously for the control of cross-linking
because the properties of hydrogels are strongly affected by cross-linking density
and structure. A hydrogel is often introduced into a structural part of a functional
material. Radiation grafting, radiation lithography, and track etching technology are
used for modification of a material surface with a hydrogel.

The history of radiation chemistry of polymers started in the early 1950s [9, 11].
Poly(N-vinyl pyrrolidone) (PVP) was and still is often applied in medicine and
pharmacy as a polymer and as a hydrogel. In 1955, Charlesby and Alexander first
reported on cross-linking of PVP [11]. Since then, various other water-soluble poly-
mers have been radiochemically treated and cross-linked, even as one step in the
preparation of novel polymeric biomaterials for diagnostic and therapeutic devices,
instruments, or implants [23]. The radiation technique has already become one of
the standard methods for formation of hydrogels. The methods applied are usually
based on the irradiation of monomer or polymer solutions with a sufficient dose.
Besides the synthesis of macroscopic “wall-to-wall” hydrogels, there is an interest
in the formation of gels, especially of smart gels, in the micrometer or nanometer
range. Examples are thin layers on different substrates, smart coatings, patterned
structures for application in microsystems (sensors, actuators), etc., and gel parti-
cles with dimensions in the micrometer range (microgels) and submicrometer range
(nanogels) [18, 35].

Typically, micro- and nanogels are synthesized by combined polymerization and
cross-linking, e.g., in emulsion. A disadvantage of this procedure is the necessity
of applying further treatments to purify the gels, especially when the products are
designed for biomedical application. Unreacted monomers, cross-linker, initiator,
stabilizer, etc., are potentially harmful substances. Radiation cross-linking is a
way to a “clean” product. The first radiochemical synthesis of a microgel was
done by Schnabel and Borwardt in 1969. A low concentration aqueous solution of
poly(ethylene oxide) (PEO) was irradiated by y-rays from a °°Co source [44]. Dif-
ferent water-soluble polymers were cross-linked by irradiation in dilute solutions to
form microgels and nanogels.
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This report gives an overview on:

Irradiation parameters; Sect. 2.1

Irradiation mechanisms; Sect. 2.2

Radiation sources; Sect. 2.3

Examples of inter- and intramolecular cross-linked microgels; Sects. 3.1 and 3.2
Characterization methods for radiation cross-linked polymers; Sect. 4.1
Applications of microgels obtained by radiation cross-linking; Sect. 4.2

2 Radiation and Polymers

High energy radiation splits covalent bonds into unpaired radicals, which can
then recombine randomly. Depending upon the relative rates of recombination and
scission, an irradiated polymer can be cross-linked or it degrades into low molec-
ular weight fragments. The influence of irradiation on polymers depends on their
chemical structure:

e For polymers with quaternary C-atoms in the backbone, chain scission will occur
e Aromatic groups in the polymer chain reduce the influence of radiation
e Unsaturated bonds reinforce the tendency to cross-linking

Cross-linking also depends on the irradiation conditions, like atmosphere (influence
of oxygen) and temperature (glass transition temperature). Polymers that cross-link
under inert atmosphere might degrade under oxygen atmosphere. The mobility of
the polymer chains is hindered at a temperature lower than the glass transition tem-
perature and cross-linking might be suppressed. Table 1 gives an overview of the
influence of high-energy radiation on different polymers.

Table 1 Influence of high-energy radiation on polymers under
inert atmosphere (according to [18])

Polymers prone to scission Polymers prone to cross-linking
Poly(isobutylene) Poly(ethylene)
Poly(tetrafluoroethylene) Poly(styrene)

Poly(methyl methacrylate) Poly(vinyl alcohol)
Poly(acrylnitrile) Poly(butadiene)
Poly(methacrylamide) Poly(acrylates)

Cellulose and derivatives Poly(acrylamide)
Poly(c-methylstyrene) Poly(dimethylsiloxane)
Poly(vinylidene fluoride) Poly(urethanes)
—[CH,—CR'R"]- Natural rubber

—[CH,—-CHR]-
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2.1 Gelation Dose, Sol-Gel Analysis

The formation of a polymer networks starts with an increase in molecular weight and
formation of branched structures. At a typical extent of reaction, the gelation point
is that point at which a network is first formed. The extent of reaction as well as
the cross-linking density in radiation-induced cross-linking processes is determined
by the radiation dose. The term “dose” means the quantity of radiation applied to
or absorbed accidentally by a given volume or mass of sample. The absorbed dose
is measured in Gray (Gy), 1 Gy = 1 Jkg~!. Therefore, the formation of a polymeric
network needs a certain dose, the gelation dose Dy, which can be determined by
“sol—gel analysis.”

Typically, a cross-linked polymer is insoluble. During the cross-linking reaction,
the amount of polymer chains being connected by chemical bonds increases. The
determination of the insoluble fraction (gel) and the soluble fraction (sol) of a poly-
mer is done by the sol—gel analysis. In general, the cross-linking density increases
and the sol content decreases with increasing dose. But, it is necessary to determine
these correlations for each polymer at the conditions during irradiation.

Sol-gel analysis is an important tool for distinguishing between polymers that
can be cross-linked by irradiation and polymers that are not cross-linkable by radi-
ation techniques. These experiments are typically done for “wall-to-wall” gels and
offer the possibility to determine the irradiation conditions for microgel formation.
Charlesby and Pinner first obtained a simple expression relating the soluble part of a
polymer sample, the sol fraction (s) or sol content (in contrast to the insoluble part,
the gel fraction (g) or gel content) to the absorbed dose D of radiation [10, 12].

2
s+\/§:@+

—_—, (D
qo  qouz oD

where py is the degradation density, i.e., the average number of main chain scissions
per monomer unit and per unit dose; g is the cross-linking density, i.e., proportion
of monomer units cross-linked per unit dose; and u; ¢ is the weight-averaged de-
gree of polymerization of the polymer before irradiation. This equation was derived
from an example of a polymer with a most-probable molecular weight distribution
(MWD) and with My, =2 M, where M,, is the number-averaged molecular weight
and M, the weight-averaged molecular weight.
The sum of s and g amounts to unity.

s=1—g. 2)

Plotting s + +/s against the reciprocal value of the dose D gives a straight line. The
value go can be calculated from its slope and the ratio py/go from the intercept at
1/D = 0. Values of po/qo above unity mean that degradation is preferred, whereas
values smaller than unity reveal that cross-linking is preferred.



100 F. Krahl and K.-F. Arndt

The gelation dose D can be determined at s =1 or s+ /s = 2, with 1/D = 1/D,.
If the absorbed dose D is smaller than the gelation dose (D < Dy), then no cross-
linking occurs. If the absorbed dose equals the gelation dose, then a network is
formed for the first time. For D > Dy, the amount of polymer chains that have re-
acted with the network increases, and therefore the gel fraction increases and the sol
fraction decreases.

Often, the experimental data do not fit the straight line predicted by Charlesby
and Pinner. Deviations from the simple Charlesby—Pinner equation cannot be as-
cribed to structural effects of the polymer, but rather to the deviation of the real
MWD of the polymer from the most-probable MWD and to other relationships be-
tween M, and M,,. A modified equation, first reported by Rosiak, often named the
Charlesby—Pinner—Rosiak equation [36], is:

s+\/5?+(2@) (M), 3)
0

q0 Dy+D

where Dy is a so-called virtual dose. The virtual dose is required for changing the
MWD of the polymer in such a way that My, =2 M,,. If the investigated polymer has
a broader distribution, then Dy > 0, or if it has a narrower distribution, then Dy < 0.

If M, and My, of the investigated polymer are known, Dy can be calculated from
the following equation:

4 /1 1
Dy = — ). 4
M 3q0<2Mn MW) “)

Otherwise, a fit of measured sol fraction in dependence on dose D enables the
calculation of Dy, Dg, and po/qo.

Another manner of considering dose requirements is to express the average
energy input (e.g., in electron volts) needed to promote a certain reaction. So-called
G-values are reported (e.g., [31]) for different radiochemical yields (yield of
free radicals, yield of cross-links, yield of main chain scission, yield of product
molecules) at defined conditions (temperature, atmosphere, radiation source). They
are defined as the yield of individual atomic or molecular events for 100eV (or
per joule) of energy absorbed by the system. Following the changes in molecular
weight of an irradiated polymer (sol-gel analysis and determination of molecular
weights of the sol content) allows calculation of the radiation yield of cross-linking
(G« in moles per joule) and of chain scission (G in moles per joule) [10]:

c 1 1
GX—GS_D—p(MmO—ATn) S

For a most-probable MWD and My, /M, = 2 it follows that:

4GX—GS=£<L—i), ©)
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where M, and My, are the number and weight average molecular weights of the
irradiated polymer, respectively; D is the absorbed dose (in Gray); p is the density
of the polymer in the irradiated solution (in grams per cubic centimeter); and c its
concentration (in grams per cubic decimeter). The subscript O denotes the molecular
weights before irradiation. My, is infinite at the gel point. The number of moles of
cross-linking bonds Gy per Joule of a dry polymer (under the assumption G5 = 0)
can be calculated from D (in Gray):

_05x107°

(N
My 0Dy

X

From experiments, it follows that Dy depends on concentration of polymer in
an irradiated solution in such a manner that the higher the polymer concentra-
tion, the higher the Dgvalue [e.g., for poly(vinyl methyl ether) (PVME): 2% w/w,
6.2kGy; 5% w/w, 10.1kGy; bulk, 48.5kGy. The Gy ranges from 0.3 x 1077 to
2.2 x 10~ "molJ~!. For details see [26]].

2.2 Processes and Procedures

Hydrogels can be synthesized in different ways, starting from either monomers or
polymers:

e Starting from monomers: Monomers in bulk or in solution are irradiated. Poly-
merization takes place as the first stage of reaction. The polymer chains are then
cross-linked. It is frequent practice to add bifunctional monomers to increase
the efficiency of cross-linking. Typically, this procedure is used for synthesis of
“wall-to-wall” hydrogels or microspheres. For biomedical use of the formed gels,
all non-reacted monomers and residues have to be extracted.

e Starting from polymers: It is possible to cross-link polymers in the dry state, e.g.,
thin polymer layers ([8] PVP, [19] HPC, [5, 42] patterning, [20] PVME), films,
coatings, or polymer objects of technical interests. The dimension and structure
of the formed polymeric gel depend on the concentration of the macromolecules
and on conditions during the irradiation. At low polymer concentrations (low
regarding the overlap concentration) the formation of a “wall-to-wall” gel is not
possible. The single macromolecules are separated. It is well-known that the most
water-soluble polymers are not monodisperse when dissolved. They tend to form
supermolecular structures, even at low concentrations. The radiochemical ap-
proach offers possibilities for fixing the polymeric structures that are formed in
solution at low concentrations, e.g., complexes, aggregates, micelles.

The irradiation of a low concentration aqueous solution (e.g., degassed or sat-
urated with inert gases to prevent the disturbing influence of oxygen, or saturated
with N, O to promote some reactions) of a water-soluble polymer is the most com-
mon way to form hydrogels in the micrometer or submicrometer range. The gel
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Table 2 Radiochemical yield of primary products of water
radiolysis [45]

Transients G #(number/100 eV) G (107" molJ— 1)
OH 2.75 2.9

H 0.65 0.68

Cooly 2.65 2.8

H, 0.45 0.47

H,0, 0.70 0.74

particles result from the coupling of polymer radicals that were directly or indi-
rectly produced from the polymer chain by the high-energy radiation. Most of the
energy is absorbed by the water. The ionization of water molecules is followed by
formation of reactive species. Therefore, irradiation of an aqueous solution leads
to a great number of transients from water (e.g., OH radicals, H radicals, solvated
electrons, hydrogen peroxide) that can react with the polymer. The content of the
formed transients can be expressed in their radiochemical yields (G values, Table 2)
(see [45]):

The mechanism of formation of a polymeric network is shown by the two fol-
lowing examples:

e Cross-linking of poly(acrylic acid) (PAA) (in Ar-saturated solution under acid
conditions, pH 2) [27]:

ionizing radiation
e,

(1) H,0 OH + H + ¢ + HO" + H0,

@ eq + H;O' H + H,0
3 —CHy—CH— +OH (H) COOH
COOH -H,0 (Hy) —éH—‘CH—
COOH

e Cross-linking of PVME (in N;O saturated solution) [37]:

ionizing radiation

(1) H,0 OH + H + ¢ + H;0' + H,0, + H,

@€y + NO ————~ ©OH + N, + OH

— O—CH;
3~ CHr CH— + OH —CHz—(liH—
-H0 . 0—CH
O—CH, L. —CH—CH— 2

O—CH,
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2.3 Radiation Sources and Techniques

As high-energy radiation, y-rays (electromagnetic radiation emitted by a radioactive
isotope, mostly ®°Co) or electron beams (electron accelerator of low energies,
0.1-3MeV; or high-energy electron accelerator, 10 MeV) are available. Table 3
shows a comparison of both techniques.

Yy-Irradiation: Mostly, the isotope %°Co is used as radiation source.®°Co is formed
in atomic reactors under the bombardment with neutrons: g%Co + (1)n — ggCo +v. A
typical dose rate is 2kGyh~!. The dose is controlled by the exposure time and
measured with a dosimeter.

Electron accelerator: To generate electrons of high energy it is necessary to ac-
celerate the electrons leaving a cathode. Typical parameters are described for the
example of an ELV-2 (Budker Institute of Nuclear Physics, Novosibirsk, Russia):
The accelerator in a LINAC (linear accelerator) is working in the energy range from
0.6 to 1.5 MeV. The maximum beam current and beam power are 25 mA and 20 kW,
respectively. The dimensions of the beam extraction windows (50-um titanium foil)
are 980 mm in length and 75 mm in width. Typically, applied experimental param-
eters for hydrogel synthesis are 1.5MeV and 4 mA. The dose is regulated by the
exposure time and is measured with a dosimeter.

Several research institutes use other electron-beam facilities with lower accelera-
tor voltages (e.g., ANDREA 1 at Fraunhofer Institute for Electron Beam and Plasma
Technology, Dresden, Germany). The accelerator voltage is in the range 90-120kV.
This results in smaller penetration depths (10-80 um). Again, the applied radiation
dose can be adjusted to several hundred kiloGrays at different dose rates by chang-
ing the beam current (e.g., 2-20 mA) and the exposure time.

Table 3 Comparison of electron beam and y-irradiation

Radiation Electron beam Y-irradiation

Source Electron accelerator Radioactive isotopes (mostly

GOCO)
Depth of penetration ~ Millimeter range or less, in
dependence of acceleration
voltage (penetration profile!)

Centimeter range

Reaction time

Critical process
conditions

Advantages

1-2 min

Variation in cross-linking density,
gradient of cross-linking
density, heating effects

Short reaction time, beam
focusing, pulse irradiation

Several hours

Long reaction time, diffusion
of oxygen must be prevented

Homogeneously cross-linked
samples, no restrictions
regarding dimension
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argon

L > .

saturation
— -
electron
accelerator |—— peristaltic pump polymer solution
radiation
shield

Fig. 1 Irradiation setup for pulse radiolysis consisting of a solution reservoir, a peristaltic pump,
and a quartz irradiation cell. Prior and during irradiation, the polymer solution is continuously
saturated with argon

Pulse irradiation (Fig. 1): In 1966, Henglein [21] studied the reaction kinetics of
different radicals and low molecular weight compounds in water under the influ-
ence of an impulse of energy-rich electrons. The method of irradiation with short
pulses of electrons was applied to investigation of chemical reactions in an aqueous
solution of PEO [6]. The method of pulse irradiation is useful for studying pro-
cesses at a high-energy irradiation by combination with analytical methods (e.g.,
investigation of changes in chemical structures by spectroscopic methods, moni-
toring changes in molecular weights and dimensions by light scattering). On the
other hand, the method of pulse irradiation is useful for the synthesis of nanogels,
e.g., by intramolecular cross-linking of polymer molecules with high molecular
weights [4, 39, 47, 49]. The term nanogel is used for intramolecularly cross-linked
polymers. For intermolecularly cross-linked gels in the range of several 100 nm, the
term microgel is used. The polymer is dissolved in water and the solution, flowing
through a quartz irradiation cell, is pulse-irradiated with electrons of several MeV
generated by a linear accelerator. Typically experimental conditions are: pulse fre-
quency 5.0 Hz; pulse duration 3 ps; flow rate 5.0mLs~!; and effective cell volume
1 mL [50].

For special purposes, a combination of y- and electron irradiation can be useful:
For polymer molecules with low molecular weight it is possible to increase M by
irradiation with a low dose of y-rays, followed by further electron beam irradiation
to perform intermolecular cross-linking.

2.4 Advantages of Radiation Cross-Linking

In comparison with other laboratories techniques in polymer chemistry, radiochem-
ical synthesis seems to be a large-scaled experiment, expensive, and exotic. But this
is only partially true. There exist industrial facilities like electron accelerators and
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Y-plants, and some of these radiation sources are operated by research institutes. The
radiochemical approach has some advantages. In general, the outstanding features
of radiochemical cross-linking processes are:

Easy process control by simple on and off switching of the cross-linking reaction
Degree of cross-linking is correlated to the applied dose

No necessity to add any initiators, cross-linkers, etc.

Possibility of joining hydrogel formation and sterilization in one technological
step, which is advantageous for hydrogels in medical applications

e Possibility to obtain gel particles of different dimension and different structure
by changing the parameters of the irradiation process.

3 Examples

Ionizing radiation is an alternative way (compared to classical initiation methods)
to synthesize microgels. In general two different approaches can be used:

1. Initiating the cross-linking polymerization of monomers by radiation
2. Inducing the cross-linking of polymer chains in the absence of monomers or
required cross-linker molecules

A striking advantage of the second approach is that no unreacted monomers
remain in the microgel structure, which is an essential requirement for biomedi-
cal applications. Therefore, only examples of polymer cross-linking will be dis-
cussed here.

Depending on the polymer concentration and on the dose rate, two different
cross-linking reactions can take place: intermolecular or intramolecular cross-
linking (Fig.?2). If the average number of radicals per single chain is low, inter-
molecular recombination occurs. By increasing the dose rate, the number of radicals
per chain is increased as well. The irradiation of dilute polymer solutions therefore
leads to intramolecular cross-linking because the macromolecules are separated and
radical recombination only occurs internally. By contrast, irradiation of polymer so-
lutions at medium or high concentration mainly results in intermolecular cross-links.

3.1 Intramolecular Cross-linking

The cross-linking of individual macromolecules by intramolecular junctions results
in microgels of typical sizes smaller than 0.1 um (submicrometer range). Microgels
obtained by intramolecular cross-linking are often referred as nanogels. Since single
macromolecules are internally cross-linked, such nanogels are frozen polymer coils.
Depending on the molecular weight, the size, and the architecture of the starting
polymers, nanogels with various dimensions, including very small structures, can
be synthesized.
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D
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| | | |
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Fig. 2 Influence of the dose rate and the polymer concentration on the structures obtained by
irradiation: (a) intermolecular cross-linking at medium concentrations and low dose rates, and (b)
intramolecular cross-linking at low concentrations and high dose pulses. (Reprinted from [41],
copyright 2009, with permission of Elsevier)

In principle, intramolecular cross-linking can be performed chemically by reac-
tive groups present in the polymer chains. One way is the preparation of polymers
containing pendant vinyl groups that can be cross-linked by a suitable initiator. An-
other possibility is the synthesis of polymers with functional groups (e.g., —OH,
—COOH). By choosing a suitable bifunctional cross-linking agent, these functional
groups can be cross-linked to obtain nano- or microgels. For example, poly(vinyl
alcohol) nanogels were synthesized with glutaraldehyde as cross-linker [7]. Even at
very low polymer concentrations, additional intermolecular cross-linking could not
be avoided completely. An increase in the molecular weight with increasing glu-
taraldehyde concentration indicated that at most two chains were linked together,
followed by further intermolecular cross-linking.

Using ionizing radiation for intramolecular cross-linking of individual polymers,
the synthesis can be performed in the absence of additional initiators, cross-linkers,
or additives. For this approach, a pure aqueous solution of the polymer is exposed to
a short intense pulse of ionizing electron beam radiation (typically a few microsec-
onds, see Sect.2.3, Fig. ). During the exposure many radicals are generated si-
multaneously along each polymer chain. The intramolecular recombination of these
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radicals leads to the formation of nano- or microgels. This approach was first tested
on poly(vinyl alcohol) to demonstrate that the radical recombination mainly occurs
within a single polymer coil [49]. Doses ranging from 2 to 11kGy were applied
to the diluted poly(vinyl alcohol) solutions. For low doses, the molecular weight
remained nearly constant, whereas for higher doses a slight increase in molecular
weight was observed. This indicates that a fraction of initially formed macroradi-
cals also recombined intermolecular. However, based on kinetic studies, it could be
concluded that the yield of the intramolecular cross-linking is more than 99%.

The pulse radiolysis technique was further applied to PVP [47]. Up to doses of
5 kGy, the molecular weight remained constant, indicating a very low contribution
of intermolecular cross-linking. Surprisingly, the radius of gyration decreased with
increasing radiation dose. Evidently, the intramolecular cross-linking is associated
with a shrinking of the dimensions. The introduction of internal chemical bonds
leads to a higher segment density and therefore to less drained structures.

For PAA nanogels, a decrease in the molecular weight could be observed for
low radiation doses [27, 50]. In addition to intermolecular recombination, polymer
radicals can undergo competing reactions like chain scission. It has been shown for
polyelectrolytes that scission is the dominating reaction over a broad pH range. Re-
pulsive forces between charged polyelectrolyte chains reduce the probability that
two radicals reach each other for recombination. Only in the acidic range (be-
low pH 3) does cross-linking dominate over chain scission because of suppressed
dissociation. However, for low total doses, chain scission still dominates over in-
ternal cross-linking and the molecular weight decreases. At higher doses, chain
scission also occurs but intramolecular cross-links are formed more quickly and
therefore prevent a significant decrease in the molecular weight. Generated chain
fragments remain linked to the nanogel structure at a few other points. This means
that nanogels, in general, should exhibit an enhanced resistance against degradation,
as demonstrated in Fig. 3. For a linear polymer the formation of peroxyl radicals
along the chain easily leads to the degradation in short fragments. If the same num-
ber of chain breaks occurs in a nanogel, no fragmentation is caused because the
chain segments are still linked together at a number of other points.

To verify this assumption, aqueous solutions of linear PAA chains and PAA
nanogels were irradiated in the presence of oxygen [27]. Under these conditions
no cross-linking takes place for PAA [48]. The changes in the molecular weight
and in the radius of gyration show clear differences for the linear and the nanogel
PAA. Linear PAA degrades very easily even at low radiation doses, resulting in de-
creasing molecular weight and radius. Meanwhile, My, and Ry of the nanogel PAA
remain constant within the whole dose range. Therefore, it could be concluded that
PAA nanogels are much more resistant to free-radical-induced degradation than the
parent linear macromolecules.

The approach of intramolecular cross-linking was further extended to temperature-
sensitive polymers. PVME nanogels were obtained by irradiation of dilute PVME
solutions by a pulsed electron beam [41]. The My, of these nanogels is indepen-
dent of the radiation dose (above 2kGy). The phase transition temperature 7. of
PVME is slightly affected by the cross-linking reaction. With increasing radiation
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Fig. 3 Influence of free-radical-induced chain scission on linear chains and nanogels in the pres-
ence of oxygen. Circles denote a scission-initiating peroxyl radical. (Reprinted with permission
from [27], copyright 2009 American Chemical Society)

dose, T is shifted to lower values indicating an influence of the formed internal
cross-links. These additional chemical bonds raise the hydrophobicity of PVME
and reduce the required thermal energy for hydrogen-bond breakage. Since the
number of additional bonds per nanogel is relatively small, the decrease in T is not
very pronounced.

A very well known biocompatible polymer with various applications in food
and clinical fields is gelatin. The irradiation of gelatin aqueous solutions with
Y-rays leads to nanometer-sized gelatin particles [17]. The resulting particles exhibit
high molecular weight with a hydrodynamic radius of around 10 nm. These highly
packed structures grant high stability against temperature so that the sol-gel transi-
tion of gelatin can be avoided. Strictly speaking, the nanogelatin is not synthesized
solely by intramolecular cross-linking of single gelatin chains. Because gelatin ag-
gregates are always present in aqueous solutions, intermolecular cross-linking also
occurs.
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A clear advantage of intramolecular cross-linking by high energy irradiation is
the possibility of synthesizing gels or particles in the nanometer range without any
additives. For biomedical applications, such particles can fulfill the requirements of
biosafety as well as exhibit high stability, as shown in degradation studies. Further-
more, the molecular weight and the dimension of nanogels can easily be adjusted
by adjusting the molecular weight of the parent polymers.

3.2 Intermolecular Cross-linking

The irradiation of dilute polymer solutions leads to the formation of radicals along
the polymer chains. Intra- or intermolecular recombination results in nanogels (as
discussed in Sect.3.1) or microgels, which cause the solution to become turbid
even at low radiation doses. Intensive studies (both experimental and theoretical) on
poly(vinyl alcohol) indicate that at the initial state of the irradiation, small branched
polymers are formed via intermolecular cross-linking, regardless of the polymer
concentration [43, 53, 54]. Applying high doses, the initially formed branched
molecules undergo further intramolecular cross-linking to microgels (see Fig.4).
In general, the approach of intermolecular cross-linking of different polymer chains
is always combined with intramolecular cross-linking inside the desired microgels.
A key feature of this strategy is the possibility of fixing pre-build structural forma-
tions, e.g., micellar structures or interpolymer complexes.

intermolecular crosslinking

3>
intramolecular crosslinking
o
microgel

Q({O\
/5\ *’% o - ——
[ I | I
1] 0.1 0.3 1.2

dose (Mrad)

Fig. 4 Microgel formation during y-ray irradiation. (Reprinted with permission from [53], copy-
right 2009 American Chemical Society)
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3.2.1 Particles

The most popular way to synthesize microgel particles is via emulsion polymeriza-
tion. Each micelle acts as a separate microreactor, preventing macrogelation during
the reaction. Another way to obtain microgel particles is the irradiation of phase-
separated polymer solutions (Fig.5). Phase separation can be achieved by heating
(for temperature-sensitive polymers) or mixing with non-solvents.

For PVME, the phase separation can be induced directly during the radiation
process. Depending on the applied dose, the temperature of the solution increases.
By choosing appropriate experimental parameters, the radiation can be performed
above the phase transition temperature and the structure of the collapsed polymer
chains will be fixed. The combination of cryo-preparation and field emission scan-
ning electron microscopy (FESEM) allows the investigation of microgel particles at
different swelling states (e.g., the swollen state at 25°C and the shrunken state above
T.). In particular, the microgels are immersed rapidly into liquid ethane (cooled to
approximately —196°C) to avoid ice crystal formation, followed by freeze-drying
at —80°C. As a result, the inner structure (e.g., porosity) can be characterized.
Compared to conventional scanning electron microscopy (SEM), FESEM provides
narrower probing beams at low as well as high electron energy, resulting in both
improved spatial resolution and minimized sample charging and damage.

In Fig. 6 FESEM pictures of PVME particles in the swollen and shrunken state
are shown [4]. Globular particles with diameters in the range of 250-600 nm can be
obtained by static electron beam irradiation (in petri dishes) starting froma 4 gL ~!
PVME solution. The resultant particles exhibit a sponge-like structure in the swollen
state. The outer shell of the particles is highly porous. The sponge-like porous struc-
ture remains when the particles shrink. A higher radiation dose results in more dense
particles with smaller average sizes (250—450nm), which turn into very compact
structures in the shrunken state while retaining their size.

Using pulse irradiation in a closed-loop system (see Fig. 1) for the synthesis
of PVME particles, the irradiation can performed at lower PVME concentrations
(0.1-0.5g L~"). The cross-linking density of the microgel particles increases with
increasing dose, resulting in lower swelling degrees in the swollen state and there-
fore smaller diameters. In the shrunken state, the average radii are independent of
the applied dose (see Fig. 7).

electron beam

Fig. 5 Synthesis of PVME particles by irradiation of phase-separated solutions. Above the phase
transition temperature 7', the polymer chains collapse to globular aggregates. The collapsed struc-
tures are fixed by electron beam irradiation to yield temperature-sensitive microgel particles
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Fig.6 SEM images of PVME particles after heat-induced phase separation followed by static elec-
tron beam irradiation with 20 kGy (left) and 80 kGy (right): (a,b) swollen state, and (c,d) shrunken
state. Scale bars: 500 nm. (Reprinted from [4], copyright 2009, with permission of Elsevier)
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Fig. 7 Dose dependence of the radius of gyration Ry in the swollen (25°C) and shrunken (50°C)

state of PVME microgel particles synthesized by pulsed electron beam irradiation above the phase
transition temperature
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Fig. 8 Ionotrope gelation of alginate by divalent cations

Polymeric microgel particles can further be obtained by the alginate technique.
Alginate is an anionic, hydrophilic, and biocompatible natural polysaccharide. The
structural composition is that of a linear copolymer of B-D-mannuronic acid and
o-L-guluronic acid units. Due to the presence of carboxyl groups, alginate is a neg-
atively charged polyelectrolyte in neutral or basic solutions. In aqueous solution
containing divalent or trivalent cations, alginate forms gels (Fig. 8) caused by the
attachment and coordination of the metal cations into intermolecular (interchain)
cavities. By dropping an alginate solution into an calcium chloride solution, the
calcium ions diffuse into the alginate droplets and the alginate chains become cross-
linked. The spherical shape of the droplets will be fixed. The droplets can be filled
with reactive components or polymers simply by dissolving these molecules in the
alginate solution prior immersing it into the calcium chloride solution.

Applying this technique, calcium cross-linked alginate spheres can be used as
targets for the radiation cross-linking of PVME to obtain PVME microgel parti-
cles [46]. The dimension of the PVME particles is defined by the droplet size of
the alginate beads. For the synthesis, PVME is incorporated into alginate beads
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Fig. 9 Alginate technique for synthesis of gel beads ranging from 10? to 10> um. An aqueous
solution containing PVME and alginate is dropped into a calcium chloride solution to form gel
beads. (Reproduced from [46], copyright Wiley-VCH, reproduced with permission)

as demonstrated in Fig.9. A solution containing PVME and sodium alginate is
injected into aqueous calcium chloride solution heated to 40°C to avoid PVME
diffusion. The calcium ions cross-link the alginate by complexation and globular
PVME-alginate beads are formed, which can be irradiated. After irradiation, the
alginate shell is removed by flushing with ethylene diamine tetraacetate (EDTA).
The resulting gel beads are in the range of 10°~10°um in the dry state and exhibit
temperature-sensitive behavior.

The phase separation of polymer solutions can also be used to cross-link un-
saturated polyesters with so-called reactive diluents like styrene. Macroscopically,
both components are compatible in a limited concentration range, depending on
the polyester composition. On the microscopic level, the polyester is only partially
swollen by styrene so that the concentration of styrene inside the polyester coils is
lower than in its surrounding by an order of magnitude. Therefore, by starting the
reaction, the partially cross-linked polyester coils phase-separate and form micro-
gel structures. Due to diffusion limits, the initiation of the reaction with chemical
initiators mainly occurs in the styrene-rich phase. Such an effect can be avoided by
radiation initiation that is homogenous throughout the system. Depending on the
radiation doses, liquid phases or bulk gels can be obtained. In the latter case, the
liquid part can be separated [33].

A very interesting strategy is the synthesis of poly(acrylamide) (PAAm)-based
superabsorbent microgel particles by electron beam irradiation in the solid state [1].
In this case, the cross-linking is achieved as a direct effect of radiation, creating
radicals mainly localized on the main chains. The random recombination of these
radicals results in chemical bonds between the chains and causes an increase in
the molecular weight. SEM pictures of non-irradiated and irradiated PAAm show
that the non-irradiated PAAm lost its particle shape (starting material: PAAm pow-
der with about 0.3 mm particle size) and formed a highly porous film (Fig. 10a).
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Fig. 10 SEM pictures of (a) non-irradiated PAAm, and (b) PAAm irradiated in the solid state.
SEM pictures were taken of freeze-dried samples. (Reprinted from [1], copyright 2009, with per-
mission of Elsevier)

By irradiation the initial particles are fixed and prevented from dissolving in water
showing distinct aggregated particles in the SEM pictures (Fig. 10b). Compared to
commercial superabsorbents the swelling ratios of the solid state irradiated PAAm
based microgels are acceptable. The swelling equilibrium is reached after 3—10 min
depending on the cross-linking density.

3.2.2 Micelles

The cross-linking of micellar structures is a very recent strategy for the prepara-
tion of nano- and micrometer-sized particles. Block copolymers (e.g., diblock or
triblock copolymers) can self-assemble in aqueous solution and be cross-linked
either chemically or by radiation. One example of the latter is the cross-linking
of diblock copolymers consisting of poly(isoprene) (PI) and PAA by y-ray irra-
diation of an aqueous solution [28]. PAA acts as a hydrophilic block and is also
classified as the radiation cross-linking polymer, though chain scission also occurs
during the radiation process. The radicals mainly react with the shell of the micelles
(PAA) because most of the energy is absorbed by the surrounding water. Thus, the
v-irradiation induces inhomogeneous cross-linking due to chain scission, and inter-
molecular cross-linking at the same time. A schematic illustration of the reaction is
shown in Fig. 11. The size of the initial micelles is reduced during the radiation and
decreases linearly with increasing radiation dose. While the radius of the PI core re-
mains constant over the whole dose range, only the thickness of the shell consisting
of PAA decreases due to intermolecular cross-linking. Since PI can be removed by
ozonolysis, nanocapsules can be obtained by this synthetic route [25].

Very well known commercially available block copolymers showing micellar
behavior are polymers of the Pluronic type. Pluronic-type copolymers are sym-
metric triblock copolymers with the central block of hydrophobic poly(propylene
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Fig. 11 Irradiation of micelles consisting of PI and PAA to obtain core—shell nanogels. (Reprinted
from [28], copyright 2009, with permission of Elsevier)

oxide) (PPO) sandwiched between blocks of the more hydrophilic PEO. Due to
their amphiphilic properties, these polymers exist in aqueous solution in the form
of single chains, micelles, or physical gels depending on the concentration and the
temperature. Electron beam irradiation of Pluronic F127 (BASF product with av-
erage composition EO¢p—POgs—EO (o) in the micellar state leads to an increase in
the molecular weight [51]. As can be seen in Fig. 12 Pluronic F127 can be irradiated
in the regions A (single macromolecules) or B (micelles).

In both cases My, increases exponentially with the radiation dose (see Fig. 13).
Applying high radiation doses, a three-dimensional network is formed that is con-
sidered to be composed of regularly arranged micellar structures. This means that
cross-linking not only occurs within the micelles. More likely, different micelles
are cross-linked intermolecularly finally building a bulk gel. The gelation doses are
lower for Pluronic F127 solution with lower concentrations.

The comparison of Ar- and N,O-saturated solutions of the same concentrations
(10%) revealed that the irradiation of N,O-saturated Pluronic F127 solutions re-
sults in higher M\, at lower radiation doses (see mechanism of cross-linking in N,O
saturated solutions in Sect. 2.2).

The irradiation of micellar solutions effects the phase behavior and the critical
micelle concentration (CMC). Because radiation sterilization of biopharmaceutical
products is a common routine it is important to investigate the influence of radiation
on surfactants that are widely used in the pharmaceutical industry for formulations
as wetting agents, emulsifiers, or solubilizers. In particular, in drug formulations
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Fig. 13 Molecular weight as a function of the applied radiation dose for Pluronic F127 after
irradiation of oxygen-free aqueous solutions (Ar- and N,O-saturated) at different concentrations
(10% and 30%) and temperatures (5°C and 25°C). Experimental values correspond to the points in
the phase diagram (see Fig. 12). (Reproduced from [51], copyright Wiley-VCH, reproduced with
permission)

and surfactant—polymer systems it is necessary to estimate how the functions of sur-
factants might be affected. Triton X-100 (octoxynol 9) is a commercially available
surfactant used as solvent detergent in numerous pharmaceutical applications. Irra-
diation with y-rays above the CMC causes cross-linking of the micelles, as shown by
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Fig. 14 Effect of y-radiation on the phase behavior of micellar solutions of Triton X-100 (1 wt%):
cloud point (CP) variations as a function of the absorbed dose. (Reprinted from [52], copyright
2009, with permission of Elsevier)

cloud point (CP) measurements [52]. For low radiation doses no significant changes
in the CP occur, whereas for higher doses the decrease in CP is roughly linear
(Fig. 14). CP variations are closely related to changes in the surfactant structure.
The decrease in CP with increasing radiation dose can be related to an increase in
the occurrence of cross-linking reactions. As a result, an effective increase of the
hydrophobic portion of the cross-linked species increases the surfactant efficiency.
The essential function of Triton X-100, reducing protein surface adsorption, is not
affected by the cross-linking.

3.2.3 Complexes

Synthetic and natural polymers are able to interact with each other by secondary
binding forces such as hydrogen bonds, Coulombic forces, or hydrophobic interac-
tions. These interactions lead to the formation of intermolecular polymer complexes.
Polyelectrolyte and hydrogen-bonding complexes have gained much attention in re-
cent years due to their applications as biomaterials or in the field of wastewater
treatment. However, the instability of interpolymer complexes when subjected to
external conditions (e.g., pH, temperature, ionic strength) limits their application
potential. Chemical methods have been developed to stabilize the structure of the
complexes that involve the use of surfactants or cross-linkers. Very often the poly-
mer structure has to be modified in order to promote the cross-linking. Thus, fixation
with high energy irradiation in the absence of any of the mentioned substances is a
promising alternative.
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The first investigation on structural fixation of interpolymer complexes was car-
ried out on Kollidon PVP 90F (BASF, My, = 1.2 x 10% g mol~') and oligomeric PAA
(My, =890 gmol~!) [22]. Spontaneous complexation involving a polyacid only oc-
curs below a certain pH value (pHcit), where the protonation level of the carboxyl
groups of the polyacid chains is sufficient. pH,j; depends on the molecular weight of
the polymers as well as on the stoichiometric ratio of the complexation partners. For
PVP and PAA, pH,,j is in the range of 3.7-4.5 so the complexation was carried out
at pH 3.4. The association process of PVP and PAA follows a dynamic behavior at
a timescale of minutes to hours, as could be proven by light scattering experiments.
Therefore, irradiation for structural fixation has to performed in a equilibrium state
and not directly after mixing.

The cross-linking of the structures by irradiation occurs via intracomplex rad-
ical recombination and can be followed by static light scattering. As a result of
complexation and further cross-linking, a more compact structure of the interacting
macromolecules arises. This corresponds to the same effect as for intramolecular
cross-linking of single polymer chains as discussed in Sect. 3.1. The formation of
intercomplex bonds is expressed as an increase in the molecular weight (Fig. 15,
left). My, was determined at pH 10 because at such condition all polyacid chains are
ionized and do not form complexes with PVP. If the radiation did not result in the
formation of covalent bonds, M, would present the values of the unirradiated sam-
ple. It can be seen in Fig. 15 that M\, of the cross-linked complexes is significantly
lower than for the intramolecular cross-linked PVP. This arises from the typical ef-
fect accompanying the synthesis of nanogels from single polymer chains by pulse
radiolysis, that intermolecular cross-linking cannot be totally eliminated. Further-
more, the chain scission that also occurs during radiation does not appear in the case
of pure PVP. For PVP-PAA complexes it causes the weaker increase in My, because
PA A-derived radicals show a higher tendency to induce degradation than radicals of
neutral polymers like PVP. The differences in M\, values therefore clearly show that
complexes can in fact be internally cross-linked by pulse radiolysis.
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Fig. 15 Pulse irradiation of PVP (Kollidon) and PVP-PAA complexes at different unit molar
ratios (UM =[PAA]/([PAA] + [PVP])) of carboxylic groups. Measurements were conducted at
pH 10. Left: Molecular weight as a function of the radiation dose. Right: Radius of gyration as a
function of the radiation dose. (Reprinted from [22], copyright 2009, with permission of Elsevier)



Synthesis of Microgels by Radiation Methods 119

Due to the introduction of covalent bonds between the chain segments, the
structures become more compact and the diffusion of segments is limited. With
increasing radiation dose, the size of the structures decreases, but the decrease in
the size of the cross-linked complex is rather weak compared to that/marginparok?
of the nanogel obtained from single polymer PVP (Fig. 15, right). Because polymer
complexes are already compact structures before irradiation, their size decreases
only slightly upon irradiation, whereas stronger contraction occurs upon irradiation
of coils.

The cross-linking of PVP-PAA complexes is influenced by the molecular weight
of PAA. A higher M,, of PAA results in higher M\, values of the cross-linked com-
plexes compared to those obtained with low My, PAA.

4 Characterization and Application of Radiation
Cross-Linked Particles

The key feature of radiation cross-linked micro- or nanogels is that their synthe-
sis can be carried out additive-free, meaning that no surfactants, cross-linkers, or
monomers are needed. This offers a broad range of applications, especially in the
field of biomaterials or biomedicine where a high purity is essential. In general,
there is no difference in the characterization of radiation cross-linked structures or
microgels obtained, for example, by emulsion polymerization. Typical methods for
characterization are dynamic and static light scattering (DLS and SLS), viscosime-
try, and various microscopy techniques. Beside the characterization of cross-linked
microgels, the characterization of the radiation process is very important in order
to decide whether cross-linking or degradation is the dominating reaction. Further-
more, the dose dependence of the resultant molecular weights and sizes need to
be investigated for optimization and control. This section will focus on the char-
acterization of the radiation reaction in relation to microgel structure. In Sect. 4.2
examples of applications of radiation cross-linked microgels will be discussed.

4.1 Characterization

A characteristic parameter in radiation cross-linking is the gelation dose Dg (see
Sect. 2.1). Above Dy insoluble networks are formed, so-called bulk or “wall-to-wall”
gels. Dy depends on the polymer concentration and the irradiation temperature. With
decreasing polymer concentration, the value of D, decreases to a minimum. The
irradiation of diluted polymer solutions does not result in macroscopic networks,
but leads to the formation of branched molecules or microgels, depending on the
radiation dose. Figure 16 summarizes the radiation process.

By irradiating diluted PVME solution with low radiation doses, a strong increase
in the molecular weight is observed [40]. The structural changes of the PVME
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Fig. 16 Structural changes during irradiation. Below the gelation dose Dg, an increasing of the
molecular weight occurs. My, becomes infinite at Dg. Above Dy, the formation of macroscopic
networks starts (gel content > 0)

molecules can be analyzed by size-exclusion chromatography in combination with
static light scattering and viscosity detectors. This offers the possibility of branch-
ing analysis in terms of the branching parameters (contraction factors). For doses
above 1.0kGy, the radiation leads to a strong decrease in the branching parame-
ter g’ ([N]branched / [M]linear> Fig. 17, bottom) indicating the formation of branched
molecules that are highly contracted. The plot of log [n] against log My, (Fig. 17,
top) shows that for doses above 1.5kGy a deviation from linear behavior occurs. In
this range, almost linear polymers are formed. At higher doses, this behavior is in-
fluenced by the irradiation due to the formation of branched molecules. At radiation
with higher doses (above 5kGy), the intramolecular cross-linking becomes more
pronounced and insoluble molecules (nano- or microgels) are formed [34].
Characterization of the radiation process of PVME solutions showed that the
desired structures can be synthesized depending on radiation dose and poly-
mer concentration. The concentration dependence results from the different
distances between/marginparok? polymer molecules in solution. Whereas macro-
scopic cross-linking occurs above the overlap concentration, soluble structures
(branched polymers or microgels) are formed in dilute solutions. Since PVME is
a temperature-sensitive polymer, the solution temperature strongly influences the
radiation process because phase-separated structures can be fixed by irradiation
(as discussed in Sect. 3.2.1). Furthermore, the radiation temperature also influences
the heterogenity of bulk gels that exhibit porous structures when irradiated above
the phase transition temperature. As a result, very fast swelling kinetics can be
observed. A scheme of the radiation process for PVME is given in Fig. 18.
Combined SLS and DLS studies on phase-separated PVME solution before and
after irradiation enable the structural changes of the molecules to be followed.
PVME does not show the coil to globule transition of single polymer chains, as
known for poly(N-isopropyl acrylamide) [40]. Below the phase transition temper-
ature, PVME associates exist in equilibrium with single PVME chains. Therefore,
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Fig. 17 Radiation of dilute PVME solutions. Top: Effect of y-irradiation on M, and viscosity [1]
in comparison with the Kuhn—Mark—Houwink relationship (dashed line) of non-irradiated PVME
(cross). Bottom: Dependence of the viscosity branching parameter g’ on radiation dose. (Reprinted
with permission from [34], copyright 2009 American Chemical Society)

two diffusion coefficients can be determined with DLS (Fig. 19 inset). Above the
phase transition, the associates and the single chains collapse to compact structures
that show the scattering functions of soft spheres. The irradiation of these structures
results in globular PVME microgel particles. The temperature dependence of the
hydrodynamic radius Ry is shown in Fig. 19. In the swollen state (below T.), a
bimodal size distribution can be observed, which indicates that sol molecules are
still present in the solution. Above T, the particles are shrunken and exhibit a very
narrow size distribution around 30—40nm corresponding to cross-linked collapsed
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Fig. 18 Gel structures resulting from irradiation of temperature-sensitive PVME, showing the de-
pendence on cross-linking parameters (polymer concentration and temperature during irradiation).
(Reprinted from [40], copyright 2009, with permission of Elsevier)
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Fig. 19 Temperature dependence of the hydrodynamic radius Ry app of PVME microgel at a scat-
tering angle of 90°. Inset: Particle size distribution of PVME microgels below (solid line) and
above (dashed line) the phase transition temperature. (Reprinted from [40], copyright 2009, with
permission of Elsevier)
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PVME associates. No separate peak for sol molecules appears. Mainly, the sol
molecules collapse to bigger aggregates and their size corresponds to that of the
cross-linked particles. Single collapsed PVME chains would exhibit small sizes that
cannot be seen with the used DLS setup [4].

4.2 Application

Most applications of radiation cross-linked polymers can be found for bulk gels,
e.g., wound dressings based on radiation cross-linked gels are produced on a large
scale [2, 38]. Furthermore, nanocomposite gels or nanocomposites can be produced
by incorporation of particles into radiation cross-linked matrix polymers. Thus,
v-irradiation of an aqueous solution of dextran, gelatin, and glycidyl methacrylate in
the presence of drug-loaded microspheres results in hybrid hydrogel scaffolds with
good tissue biocompatibility [14].

Enzymes can also be entrapped in polymeric networks either by physical en-
trapment, chemical bonding or electrostatic attraction. Physical entrapment is very
simple because it only involves dissolving the enzyme and subsequent irradia-
tion to yield hydrophilic gels with entrapped enzymes of high reactivity and low
leakage [23].

In general, microgels obtained by radiation methods can be used in various appli-
cations in the same way as conventional synthesized systems, e.g., as drug delivery
templates, for encapsulation, or as microreactors [29, 30]. PAAm for example can
be used as template material to synthesize hollow cadmium selenide nanospheres
[24], and PVP can be used for the incorporation of ferromagnetic nanoparticles to
obtain magnetic hydrogel microspheres [13].

Two examples of the application of radiation cross-linked microgels will be dis-
cussed in detail, covering the very challenging field of conducting polymers and a
qualification study of microgel particles as diet supplements.

Conductive polymers have received increasing interest in the last decade due to
their potential applications. The synthesis of molecular conductors, for example, is
a field of intensive research with the purpose of producing objects in the nanometer
scale. Therefore, control of the morphology of conducting polymers is very chal-
lenging for the production of molecular wires (nanowires) or tubes. Appropriate
templates for the confined polymerization of conductive polymers are required to
give them a controlled shape and dimension.

As an example, thermosensitive PVME microgels can be used as template and
stabilizer for the synthesis of composite polypyrrole (PPy) particles [32]. The
PVME microgels were obtained by electron beam irradiation above the phase transi-
tion temperature as described in Sect. 3.2.1 [3, 4]. Pyrrole (Py) was polymerized by
oxidative polymerization with ferric chloride in the presence of the PVME micro-
gels in water/ethanol mixtures as reaction medium. For comparison, the synthesis
was also carried out in the presence of uncross-linked PVME.
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Fig.20 SEM images of PPy particles obtained by oxidative polymerization in 50:50 water/ethanol
mixture. The synthesis was carried out in the absence of PVME (a) or in the presence of PVME
microgels (b—d) obtained by electron beam irradiation. The ratio of Py to PVME was varied: (b)
1:1; (¢) 1:2; and (d) 1:3. Scale bars: (a) 2 um; (b) 1 um; (c,d) 500 nm. (Reprinted from [32],
copyright 2009, with permission of Elsevier)

SEM investigations show that the morphology of the obtained particles depends
on whether uncross-linked PVME and PVME microgels are used. In the case of
uncross-linked PVME, small spherical particles in the range of 50-100nm are
formed. If Py is polymerized in water without any stabilizer (without PVME) the
particles exhibit a cauliflower-like structure and the dispersion is unstable (Fig. 20a).

Using cross-linked PVME microgels, the dispersion is stable and the morphology
of the PPy particles changes from spherical to needle-like, depending on the Py
concentration (Fig. 20b—d). At low Py concentrations, mainly spherical particles are
present. By increasing the Py amount, a needle-like morphology becomes dominant.
However, when the ethanol content in the reaction is decreased the PPy particle
morphology becomes spherical.

Since Py monomer is hardly soluble in water it will penetrate into the PVME mi-
crogel particle interior. FESEM studies pointed out that in the swollen state PVME
microgel particles have a sponge-like structure and a porous shell, which provide
corresponding membrane permeability (see Fig. 7). Subsequent addition of the ox-
idant starts the polymerization and the PPy particles are formed inside the PVME
microgel network, resulting in a granular morphology.
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Fig. 21 Ppy particle
morphology after water | water + ethanol |

polymerization in the S

presence of PVME microgels
Py, Fe(lll) ﬂ

in water or water/ethanol

mixtures. (Reprinted from
[32], copyright 2009, with
permission of Elsevier)

In water/ethanol mixtures, the PVME microgel network expands and the pores
become larger. Additionally, the polymerization rate of Py is much slower than
in pure aqueous solution. Both effects provide suitable conditions for PPy to self-
assemble. As a result PPy needles are formed. If the Py content is increased, larger
needles can be obtained. A presentation of the Py polymerization in the presence of
PVME particles in water or water/ethanol mixtures is given in Fig. 21.

It is obvious that the pore size of the PVME microgel particles as well as the
polymerization rate (defined by the solvent) have a significant influence on the PPy
particle morphology. Since the pore size of PVME can be easily changed by the
radiation dose or the radiation temperature, desired PPy dimensions can be synthe-
sized. Furthermore, due to the temperature sensitivity of PVME, the pore size can
also be influenced by the temperature of the reaction medium. These facts allow the
controlled synthesis of PPy fibrils.

A second example of the application of radiation cross-linked microgels is a
diet supplement based on modified chitosan and PVP [16]. Chitosan is currently
the main ingredient of numerous commercially available dietary supplements that
are advertised as having a body weight reduction effect based on trapping dietary
fat in the digestive tract in a way that prevents fat absorption. Therefore, chi-
tosan is expected to partially prevent a body weight increase caused by a fat-rich
diet. The results of numerous studies on animals and humans are not consistent,
but/marginparok? some recent experiments have indicated that the fat binding de-
pends on the (My,) of the chitosan used [15]. It seems that the application of low
molecular weight chitosan (~2.5-5 x 10*gmol~!) to diet additives efficiently con-
tributes to the fat binding. Additionally, PVP microgels are promising substances
for dietary products as they can swell in the stomach and thus inducing a feel-
ing of satiety. Using PVP microgels can counterbalance the effect of an increased
food uptake, which is often observed by addition of chitosan. PVP as a nontoxic

%@% 0
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biocompatible polymer exhibiting high hydrophilicity and high swelling ratios can
absorb hydrophilic food components, and move along the digestive tract without
being destroyed.

The chitosan/PVP supplement used in diet studies was composed of y-radiation
cross-linked PVP microgels and +y-radiation degraded chitosan. Both components
are easily obtainable by solvent-, additive-, and waste-free radiation processing.
PVP microgels were synthesized by fy-irradiation of pure vinyl pyrrolidone
monomer followed by grinding and fractionation in 0.25-0.5mm microgels.
Chitosan was irradiated in the solid state, causing degradation. The final diet
supplement was obtained by mixing both components in a 1:1 ratio, and was added
to the diet of selected groups of animals at the 4% (by weight) level.

After 10 weeks of fat- and cholesterol-rich diet, animals fed with the chi-
tosan/PVP supplement showed a significantly reduced liver weight increase. Fur-
thermore, the presence of the microgel indeed showed an hunger-reducing effect.
At the low microgel content used in this study it was just enough to compensate the
chitosan-induced hunger effect evidenced in previous works.

For the in vitro application of polymers and microgels, ionizing radiation is an
efficient tool for their synthesis. Chitosan can be degraded in a controlled way and
the target molecular weight can be reached by selection of the appropriate radia-
tion dose. The irradiation of vinyl pyrrolidone is a convenient way to synthesize
microgels that exhibit uniform sizes after grinding and fractionation.
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Microgels as Nanoreactors: Applications
in Catalysis

Nicole Welsch, Matthias Ballauff, and Yan Lu

Abstract We review recent work on the use of “smart” microgel particles as
“nanoreactors” for the immobilization of metal nanoparticles as well as enzymes.
A general feature of the microgel systems under consideration is their ability to re-
act to external stimuli such as the pH or temperature of the system. Special emphasis
is given to our recent research work on thermosensitive core—shell microgel parti-
cles composed of a polystyrene core and a crosslinked poly(N-isopropylacrylamide)
shell. Work done on these core—shell systems is compared to developments in
the investigation of similar systems. Recently, it has been shown that these core—
shell microgels can be used as “nanoreactors” for the immobilization of metal
nanoparticles. The metal nanocomposite particles exhibit a “smart” catalytic be-
havior inasmuch as the catalytic activity of nanoparticles can be modulated through
the volume transition that takes place within the thermosensitive shell of the carrier
system. Moreover, microgel particles can work as efficient carrier systems for the
immobilization of enzymes. The dependence of the enzymatic activity on tempera-
ture can also be manipulated by the temperature-dependent swelling behavior of the
microgel. Thus, the microgel particles present an excellent “active” carrier system
for applications in catalysis.
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1 Introduction

Nanoparticles consisting of noble metals have recently attracted much attention
because such particles exhibit properties differing strongly from the properties of
the bulk metal [1, 2]. Thus, such nanoparticles are interesting for their application
as catalysts [3-5], sensors [6, 7], and in electronics. However, the metallic nanopar-
ticles must be stabilized in solution to prevent aggregation. In principle, suitable
carrier systems, such as microgels [8—11], dendrimers [12, 13], block copolymer
micelles [14], and latex particles [15, 16], may be used as a “nanoreactors” in which
the metal nanoparticles can be immobilized and used for the purpose at hand.

Microgels have several important advantages over other systems, namely, sta-
bility, ease of synthesis, good control over particle size, and easy functionalization
to provide stimulus-responsive behavior (e.g., change in volume in response to a
change in pH, ionic strength or temperature) [9]. In recent years, it has become
clear that this kind of material holds great promise for nanotechnology [17]. More-
over, microgel-stabilized metal nanoparticles can in many aspects be viewed upon as
“quasi-homogeneous” catalysts that combine the advantages of both homogeneous
and heterogeneous catalysts, such as high activity and easy separation for reuse.
The use of microgel particles as reactors for the deposition of functional materials
in nanoparticle forms has thus opened new and exciting possibilities for the intro-
duction of additional functionalities. Thus, these metal composite particles present
a typical example of “mesotechnology” [18].

In a similar way, enzymes can be immobilized in colloidal microgel particles
and used for technical applications [19]. A problem often encountered when trying
to immobilize proteins and enzyme on solid substrates is denaturation (see the dis-
cussion of this point in [20]). This process is accompanied by a loss of enzymatic
activity, and denaturation presents one of the main obstacles for the technical use
of biomolecules. Some time ago, we demonstrated that spherical polyelectrolyte
brushes (SPB) (i.e., colloidal particles onto which long polyelectrolyte chains are
grafted) are excellent carriers of proteins [21]. The secondary structure of immobi-
lized proteins as well as their enzymatic activity is largely preserved on the SPBs
[22]. More recently, we have tried to use microgels as active carrier particles for the
immobilization of enzymes. The enzymatic activity of B-D-glucosidase adsorbed on
a suitable core—shell microgel is increased by a factor of more than three [23].

Here, we review the use of microgel particles as reactors for the immobilization
of catalytically active metal nanoparticles or enzymes. The composite particles of
microgels and the metal nanoparticles can be used for catalysis in aqueous media,
that is, under very mild conditions [24-28]. Thus, the composite systems allow us
to do “green chemistry” [29] and conduct chemical reactions in a very efficient way.
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2 Microgels as Carrier Systems for Metal Nanoparticles

2.1 Synthesis of Microgel-Metal Composite Particles

Recently, aqueous microgels have become an important subdivision of polymer
colloids, and numerous synthetic microgel systems have been developed [30].
Most of the microgel particles operating in aqueous media are based on poly(NV-
isopropylacrylamide) (PNIPA) [31], poly(V-vinylcaprolactam) (PVCL) [32, 33], or
other water-soluble polymers [34-36]. In aqueous media, PNIPA exhibits a lower
critical solution temperature (LCST) at about 32°C, which is close to the physio-
logical temperature [37-39]. Below the LCST, the polymer chains are soluble in
water due to formation of hydrogen bonds between the water molecules and the
amide side-chains. When the temperature increases, the polymer undergoes a vol-
ume phase transition. Water is expelled from the microgel interior, thus causing a
drastic decrease in volume above the LCST of the polymer. PNIPA microgels, which
are submicron-sized crosslinked latex particles, are usually prepared by free-radical
precipitation polymerization and have a high surface-to-volume ratio.

Microgels can be tailored to carry functional groups able to interact with metal
ions, which are the precursors of metal nanoparticles. In this way, microgel parti-
cles can be loaded with metal precursors, which are subsequently reduced inside the
microgels to produce metal nanoparticles. Antonietti et al. were the first to employ
microgels as “exotemplates” for the preparation of metal nanoparticles [40, 41].
They prepared polystyrene-based microgels by microemulsion polymerization and
then fully sulfonated them by treatment with concentrated sulfuric acid. The sul-
fonated microgels were soluble in water and could be conveniently loaded with
gold ions, which were subsequently reduced, thus forming the microgel-stabilized
colloids.

Subsequently, Biffis [42] reported the preparation of microgel-stabilized palla-
dium colloids using a novel strategy based on the synthesis of microgels by radical
solution copolymerization of suitable functional monomers containing sulfonic acid
groups. These microgels can be conveniently loaded with Pd** ions, which are
subsequently reduced. The resulting metal colloids (10-20nm diameter) can be
precipitated from the reaction mixture and redispersed in suitable solvents. Fur-
thermore, metal nanoclusters with controlled particle size have been prepared in the
presence of microgels containing tertiary amino or pyridyl functionalities, which
can form stable complexes with Pd(I) species [8]. It has been demonstrated that
such microgels can be used as stabilizers for metal nanoclusters in which the size
of the nanoclusters can be chosen through the degree of crosslinking of the micro-
gels. For example, the average size of Pd nanoclusters was decreased from 9 to 3 nm
by increasing the concentration of crosslinker (ethylene dimethacrylate) from 5 to
20 mol%.

Recently, Zhang and Kumacheva [43] introduced poly(N-isopropyl acrylamide-
acrylic acid-2-hydroxyethyl acrylate) [poly(NIPA-AAc-HEA)] microgel particles
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crosslinked with N,N’-methylene bisacrylamide (BIS) as carrier systems for
nanoparticles. They showed that semiconductors, metal, and magnetic nanopar-
ticles with predetermined size, polydispersity, optical, and magnetic properties can
be successfully synthesized using polymer microgels as a template. This may have
promising applications in catalysis, biolabeling, and chemical and biological sepa-
ration. Silver nanoparticles (AgNPs; ca 3nm in diameter) have been incorporated
into microgels, which presented well-defined surface plasmon resonance at 411 nm.
In microspheres with a lower concentration of AgNPs (or smaller particle size), the
absorption peak broadened due to the “intrinsic size effect” in metal nanoparticles
[44]. Moreover, hybrid fluorescent microgels can be prepared via photoactivated
synthesis of AgNPs in the PNIPA microgels [9]. The presence of carboxylic groups
in the microgel structure leads to an effective uptake of Ag™ ions and controlled
nucleation and growth of very small nanoclusters. Additionally, the polymeric net-
work protected the silver nanoclusters from interaction with photoluminescence
quenchers in bulk dispersion. These fluorescent microgels are highly interesting
candidates for the fabrication of colloidal crystals or sensor applications.

Suzuki and Kawaguchi [45, 46] have reported novel thermosensitive hybrid
core—shell particles via in situ Au or Ag/Au nanoparticle formation using ther-
mosensitive core—shell particles as a template. They found that the color of the
hybrid microgels, originating from interparticle interactions between the nanoparti-
cles, changes according to the swelling/deswelling property of the thermosensitive
microgel.

Moreover, temperature-sensitive PVCL-based microgels have also been used as
template for the deposition of metal nanoparticles. Pich et al. [47] reported the de-
position of AgNPs into such microgel containers. It has been demonstrated that
hybrid particles with different AgNP amounts can be prepared. Hybrid particles are
sensitive to temperature and swelling, and collapse processes are reversible. Incor-
poration of AgNPs leads to shrinkage of the microgel template due to the partial
immobilization of polymer chains on the microgel surface. As a consequence, grad-
ual loss of temperature sensitivity is observed. Nevertheless, despite the high AgNP
content, the hybrid microgels were colloidally stable and no aggregation was ob-
served, even after several months of storage. Similarly, catalytically active AuNPs
have been also embedded into such microgel particles [48]. Compared to pure
AuNPs, hybrid microgels at similar conditions reduce the activation energy of the re-
duction process by a factor of two. This indicates that localization of AuNPs within
the microgel template prevents their aggregation. Therefore, a high catalytic activity
can be preserved for different reaction conditions. Additionally, the polymeric tem-
plate provides a suitable environment for better mass transfer in the present system
that improves the catalyst efficiency.

Armes et al. [49] have reported the use of pH-responsive microgels based solely
on 2-(diethylamino)ethyl methacrylate (DEA) as colloidal templates for the in
situ synthesis of Pt nanoparticles (PtNPs). The swollen microgels can be used as
nanoreactors: efficient impregnation with PtNPs can be achieved by incorporating
precursor platinum compounds, followed by metal reduction. Addition of platinic
acid, HoPtClg, to the latex particles causes the protonation of the tertiary amine
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groups, leading to microgel formation. However, the divalent PtClé’ anions act
as an ionic crosslinker for the protonated amine groups, which causes microgel
deswelling. The equilibrium between these two opposing effects determines the
final size of the microgels after H,PtClg complexation. Both the metal-salt-loaded
microgel and the metal-nanoparticle-loaded latex particles possess a well-defined
equilibrium structure with characteristics that are independent of the synthesis
method. The dimensions of the PtNP-loaded microgels were similar to those of
the microgel precursor prior to H,PtClg complexation, suggesting that, even at
high metal loadings, the PtNPs have no significant effect on the dimensions of the
deswollen latex.

Up to now, we have discussed that the formation of metal nanoparticles can be
carried out in situ, that is in the presence of microgel templates. Electrostatic in-
teraction between the positively charged Au nanorods (Au-NRs) and the negatively
charged microgels has been also employed as the driving force to immobilize Au-
NRs on the microgel [50]. Hellweg et al. [51] demonstrated that by modification of
Au-NRs with polyelectrolyte layers, a negatively charged thermosensitive PNIPA
microgel can be homogeneously covered with Au-NRs. The optical properties of
Au-NRs were applied to monitor the thermoresponsive behavior of PNIPA micro-
gels. More recently, Kumacheva et al. [52] found that the strong binding forces
between Au-NRs and polyacryamide microgels is another driving force for loading
microgels with NRs.

Recently, core—shell type microgels, which contain a hydrophobic core and a hy-
drophilic thermosensitive shell, have become attractive for scientists because such
systems can combine the properties characteristic of both the core and the shell [53].
We have prepared core—shell microgel particles consisting of a poly(styrene) core
onto which a shell of poly(N-isopropylacrylamide) (PS—PNIPA) has been affixed in
a seeded emulsion polymerization [54—56]. In this case, the ends of the crosslinked
PNIPA chains are fixed to a solid core, which defines a solid boundary of the net-
work. In this respect, these core—shell latex particles present crosslinked polymer
brushes on defined spherical surfaces. The solvent quality can be changed from good
solvent conditions at room temperature to poor solvent conditions at a temperature

AT

Fig. 1 Volume transition in thermosensitive core—shell particles. The thermosensitive PNIPA
networks are affixed to the surface of the core particles, and thus provide one boundary of the
network. The solvent (water) is taken up by the network at low temperature, but is expelled when
the shell undergoes a volume transition at 32°C
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above 32°C (see Fig. 1) [57, 58]. This transition behavior of thermosensitive core—
shell particles has also been observed by cryo-TEM [55]. Figure2 shows the
cryo-TEM images for core—shell microgel particles quenched from room tempera-
ture and from 45°C. Obviously, vitrification must be much faster than the relaxation
time characterizing the shrinking kinetics of the particles. From Fig. 2, it can be
clearly seen that the thermosensitive shell of the particles are considerably shrunken
when the sample was quenched from 45°C, which is accord with the results from
dynamic light scattering (DLS) measurements. Moreover, the shell has been com-
pacted by this shrinking process and provides a tight envelope for the core.
Recently, we have successfully used these thermosensitive core—shell microgel
particles as templates for the deposition of metal nanoparticles (Ag, Au, Pd, Pt, and
Rh) [29, 59, 60]. The reduction to metallic nanoparticles in the presence of micro-
gel particles was done at room temperature via the addition of NaBH,4 and could
be followed optically by the color change of the suspensions, as shown in Fig. 3.
The immobilization of metal nanoparticles might be due to the strong localization of

g

Fig. 2 Cryo-TEM images of PS—PNIPA core-shell particles. The sample was kept at 23°C (left)
and 45°C (right) before vitrification [55]. The circle around the core marks the core radius deter-
mined by dynamic light scattering (DLS) in solution. The circle around the entire particle gives
the hydrodynamic radius Ry, of the core—shell particles as determined by DLS

Metal salts

Step 1

o Metal ions ® Metal nanoparticles

Fig. 3 Formation of metal nanoparticles in the PS-PNIPA core-shell system. The crosslinked
PNIPA chains absorb metal ions (step 1) which are reduced to produce corresponding metal
nanoparticles immobilized in the thermosensitive network (step 2)
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Fig.4 Cryo-TEM images of negatively charged microgel particles embedded with different metal
nanoparticles: (a) with Ag (d = 8.5+ 1.5nm), (b) with Au (d =2.0+0.5nm), and (c) with Pd
(d = 3.8+ 0.6nm) nanoparticles. Small black dots are metal nanoparticles. [62]

the metalate ions within the network, most probably caused by a complexation of the
metalate ions by the nitrogen atoms of the PNIPA [52, 61]. Both negatively charged
and positively charged microgel particles can be used as the template. Their charges
are introduced by the anionic initiator (K;S,0g) and cationic initiator (V50), re-
spectively, and not by anionic or cationic comonomers. Figures 4 and 5 display the
cryo-TEM images of different metal nanoparticles embedded in microgel particles
with negative charge and positive charge, respectively. In the cryo-TEM images,
the dark spherical area indicates the PS core whereas the light corona around the
dark core represents the PNIPA shell of the particles. The metal nanoparticles are
seen as small black dots. It is evident that most of the metal nanoparticles are ho-
mogeneously immobilized inside the PNIPA networks affixed to the surface of the
core particles. The analysis of cryo-TEM images revealed that the size of metal
nanoparticles is different. This may be due to the difference of the complexation of
the metal ions with the functional groups of the microgels. Furthermore, Figs. 4 and
5 show another important point: all particles are a well-defined distance from their
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100 nm

Fig. 5 Cryo-TEM images of Au (a, b) (d =4.8£1.2nm), Pt (¢) (d =2.8+1.3nm), and Rh
(d) (d = 4.5+ 1.5nm) nanocomposite particles embedded in positively charged microgel particles.
Small black dots are metal nanoparticles. [29]

neighboring particles. This is due to the electrostatic repulsion that originates from
the charges affixed to the core particles. These charges keep the entire suspension
stable, even above the volume transition where the steric repulsion between the par-
ticles breaks down. This point becomes important when considering the catalytic
activity of the composite particles above the volume transition [55].

Moreover, AgNPs have been embedded into thermosensitive PNIPA networks
with different crosslinking densities [60]. As shown in Fig. 6, the AgNPs are located
mostly at the edge of corona instead of near the dark PS core when Ag nanocompos-
ites are prepared by higher crosslinked PS-PNIPA particles. In the case of higher
crosslinking densities, smaller Ag particles are generated in the system. This be-
comes obvious when comparing the size of the particles for the different systems:
when 2.5, 5, and 10 mol% BIS are used for crosslinking, the diameters of the AgNP
are 8.5nm (£1.5nm), 7.3 nm (£1.5nm), and 6.5 nm (41.0 nm), respectively.
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Degree of crosslinking

Fig. 6 Cryo-TEM images of the silver nanocomposite particles prepared using PS-PNIPA parti-
cles with different crosslinker content: (a) KPS1-Ag (2.5 mol% BIS), (b) KPS2-Ag (5 mol% BIS),
and (¢) KPS3-Ag (10 mol% BIS). (d) Influence of degree of crosslinking on the morphology of
silver composite particles [60]

This could be due to the possible limitation of the growth of AgNPs in the densely
crosslinked network. Moreover, since the amount of Ag embedded into the network
is the same, smaller but more AgNPs are generated with the increase in crosslinking
density. This is accord with the results reported recently by Ma et al. [63]. They
prepared well-dispersed AgNPs within poly(NIPA-co-AAc) microgel particles that
were synthesized with different crosslinking densities. The average diameter of the
synthesized AgNPs decreases from 18 to 6 nm, when the crosslinking density of
the microgel increases from 4.5 to 15 wt%. The interactions between the microgel
particles and the incorporated AgNPs were investigated by XPS, which revealed the
charge-transfer from the carbonyl groups of the microgel particles to the AgNPs.
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Investigations by DLS measurements of composite particles indicated that the
original thermosensitive properties of the PNIPA network are not suppressed by
the incorporation of metal particles into the network. That is, the shrinking and
re-swelling of microgel is not hampered by the incorporation of metal nanoparti-
cles into the network. The metal composite particles show similar volume transition
temperature as the carrier particle at 32°C, which is in excellent agreement with
previous findings on these systems as shown in Fig.7 [64, 65]. This indicates
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Fig. 7 Hydrodynamic radii versus temperature for (a) PS—-PNIPA particles: solid squares KPS1
(2.5mol% BIS), solid circles KPS2 (5 mol% BIS), and solid triangles KPS3 (10 mol% BIS); and
(b) PS-PNIPA-metal composite particles: open squares KPS1-Ag, open circles KPS2—-Ag, and
open triangles KPS3-Ag [60]
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that metal nanoparticles do not disturb the volume transition within the network.
Moreover, with the increase of crosslinker content in the system, the transition tem-
perature of the carrier systems remains constant. However, the degree of shrinking
of the network with temperature decreases, as expected for a network with a higher
crosslinking density.

2.2 Applications of Microgel-Metal Nanocomposites in Catalysis

Soluble metal nanoparticles in the size range 1-10nm (“metal nanoclusters”) are
highly active catalysts. Generally, metal nanoclusters are grown from metal atom
precursors in the presence of a stabilizer able to interact with the nanocluster surface,
thus preventing agglomeration and controlling its growth to a definite, possibly pre-
determined size. Often, nanoparticles are stabilized by alkyl chains attached through
thiol bonds to the surface of the metal [66]. However, the strong interaction of the
thiol group with the surface of the nanoparticles may alter the catalytic properties
of the metal profoundly. The same problem can occur when immobilizing the
nanoparticles on solid substrates. Moreover, the concept of green chemistry has be-
come a top priority for the catalysis industry, i.e., low temperature, easy removal
of the catalyst, and low leaching of heavy metal into the product [67, 68]. This re-
quires a carrier system that should allow separation by, e.g., filtration. The carrier
system should have a long-term stability, be easy to handle, and prevent the metallic
nanoparticles from coagulating. Moreover, no stabilizing agent should be induced
that might alter or block the surface of the nanoparticles. The carrier systems should
also be sufficiently stable during recycling of the catalyst.

Recently, microgel-stabilized, size-controlled metal nanoclusters have found
promising applications in the field of catalysis. In particular, microgel systems can
work as “active carriers” for the metal nanoparticles, which allows us to modu-
late the catalytic activity of nanoparticles by a thermodynamic transition that takes
place within the carrier system [24, 69]. The principle is shown in Fig. 8: Metallic

Fig. 8 Composite particles consisting of thermosensitive core—shell particles in which metallic
nanoparticles are embedded. Left: The composite particles are suspended in water, which swells the
thermosensitive network attached to the surface of the core particles. In this state, the reagents can
diffuse freely to the nanoparticles, which act as catalysts. Right: At higher temperatures (T > 32°C)
the network shrinks and the catalytic activity of the nanoparticles is strongly diminished
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nanoparticles embedded in such a network are fully accessible by the reactants at
low temperature. Above the transition, however, the marked shrinking of the net-
work is followed by a concomitant slowing down of the diffusion of the reactants
within the network. Thus, the rate of reactions catalyzed by the nanoparticles is
slowed down considerably. In this way, the network acts as a “nanoreactor” that can
be opened or closed to a certain extent.

2.2.1 Catalytic Activity for Reduction of 4-Nitrophenol

For a model reaction of catalysis of microgel-based metal nanoparticles, we chose
the reduction of 4-nitrophenol by an excess of NaBHy4, which is one of the most re-
fractory pollutants that can occur in industrial wastewaters [70, 71]. The reduction of
4-nitrophenol to 4-aminophenol is of industrial importance because 4-aminophenol
is a commercially important intermediate for the manufacture of analgesic and an-
tipyretic drugs. Moreover, reduction of 4-nitrophenol is a very useful reaction for
investigating catalytic activities because it has a strong absorption band at 400 nm
at high pH, whereas the resulting 4-aminophenol is transparent in the visible range.

The kinetics of 4-nitrophenol reduction in presence of microgel-metal nanocom-
posite particles was studied by UV/Vis spectroscopy. Figure 9 shows the UV spectra
for the reduction of 4-nitrophenol measured at different times. For a typical mea-
surement, successive decrease of peak intensity at 400 nm with time can be utilized
to obtain the rate constant [59, 72, 73]. This peak is attributed due to the pres-
ence of 4-nitrophenate ions in the system. The formation of 4-nitrophenate ions

2.0

,0min

Absorbance (a.u.)

00 1 = n
250 300 350 400 450 500 550
Alnm

Fig. 9 UV spectra of solutions of 4-nitrophenol measured at different times ¢ indicated in the
graph [60]
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takes place immediately after addition of NaBH, to the system. After addition of
metal nanocomposite particles it was found that the peak height at 400 nm grad-
ually decreases with time. With gradual decrease in peak height at 400nm a new
peak appears at 290 nm. Moreover, two isosbestic points can be observed in the UV
spectra, which indicates that in the catalytic reduction reaction the conversion of
4-nitrophenol to 4-aminophenol is in equal molar ratio [70]. The conversion of the
process can be directly read off these curves inasmuch as the ratio of the concentra-
tion ¢ of the 4-nitrophenol at time 7 to its value cq at ¢ = 0 is directly given by the
ratio of the respective absorbances A/Ay.

We assumed that reduction rates were independent of the concentration of
NaBH,4 because of its much higher concentration compared to 4-nitrophenol. The
apparent rate constant, ky,p, was found to be proportional to the surface S of the
metal nanoparticles present in the system [72]:

de
*d_tt = appCt:leCta (L

where ¢ is the concentration of 4-nitrophenol at time #, and k; is the rate constant
normalized to S, which is the surface area normalized to the unit volume of the
system.

Figure 10 shows the values of the apparent rate constant kapp as a function of
theoretical specific surface area of metal nanoparticles immobilized in different car-
rier systems. As shown in Fig. 10, a strictly linear relationship between k,pp, and
the surface of the metal nanoparticles can be observed. Figure 10 demonstrates
that Pt and Pd nanoparticles exhibit higher catalytic activity than AgNPs. Table 1
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Fig. 10 Rate constant kypp as function of the surface area S of metal nanoparticles normalized to
the unit volume of the system: squares SPB—Ag composite particles, circles microgel-Ag compos-
ite particles, triangles microgel-Pd composite particles, and diamonds SPB—Pt composite particles
[72]. T =20°C, [4-nitrophenol] = 0.1mmolL"!, [NaBH4] = 10mmol L~ [24]
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Table 1 Catalytic activity of metal nanoparticles for the reduction reaction of 4-nitrophenol

Sample  Carrier system Metal D?* (nm) kll’ (s 'm2L)
[60] PS—PNIPA core—shell microgel Ag 85+1.5 5.02 x 1072
[24] PS—PNIPA core—shell microgel Pd 3.8+0.6 1.01 x 107!
[74] Anionic polyelectrolyte brush (SPB) Ag 3+1.2 7.81x 1072
[75] Highly branched polymer brush Ag 7.5+2 7.27 x 1072
[70] PVA polymer Ag ~25 3.78 x 1077
[71] PVA/PS-PEGMA composite hydrogel Ag 35+5 7.80 x 1073
[71] PVA hydrogel Ag 45+5 731x107°
[72] Cationic polyelectrolyte brush (SPB) Pt 2.1£04 0.55

[24] Cationic polyelectrolyte brush (SPB) Pd 24405 1.5

[26] Cationic polyelectrolyte brush (SPB) Au 1.25+£0.25 0.31

2Diameter of the metal nanoparticles measured from cryo-TEM images
PRate constant normalized to the surface of the particles in the system (1)

summarizes the rate constants of all systems shown in Fig. 10 together with some
other reported systems. Rate constants are normalized to the surface area of the
nanoparticles per unit volume. First of all, it is interesting to note that both for Ag
and Pd composite particles, the catalytic activity of metal nanoparticles immobilized
in the polyelectrolyte brush system is higher than that of the microgel system. This
can be explained by the diffusion speed of reactant molecules to metal nanoparticles
encapsulated in both carrier systems. For the microgel system, the metal nanoparti-
cles are immobilized in the crosslinked PNIPA shell, thus reactant molecules need
a longer time to reach the catalytic active center. In the case of polyelectrolyte re-
actant, molecules can diffuse in latex particles and reach metal nanoparticles more
quickly because of its open structure. Secondly, in comparison with other metal
composite particles (Au, Pt, Pd) prepared by similar carrier systems, the catalytic
activity is Pd > Pt > Au > Ag. This result is also in accord with the results reported
by Pal et al. [76] and needs further elucidation.

We now turn to the influences of the temperature on kpp. Figure 11 gives a typ-
ical curve for the influence of temperature on the rate constant k,p, of the catalytic
reaction, which does not follow a typical Arrhenius-type dependence on tempera-
ture. When the reaction temperature is low, the PNIPA network is swollen. In this
case, metal nanoparticles that have been embedded in the network can be accessed
by the reactants of the catalytic reduction. So, the rate constant k,p, will exhibit a
linear relationship of In k,pp with T

However, when the temperature increases further, the PNIPA network shrinks
markedly, followed by a concomitant slowing down of the diffusion of reactants
within the network. This in turn will lower the rate of reaction catalyzed by the
metal nanoparticles. It is obvious that the increase of kap, by the raise of temperature
is overcompensated by the diffusional barrier. Hence, the reaction rate must reach
its minimum at the transition temperature. If the increase of temperature continues,
the PNIPA network will not shrink any more and the density within the network
stays constant. Now, the strong increase of kupp with T will be predominant and the
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Fig. 11 Dependence of the rate constant k; on the temperature 7 for different systems: Arrhe-
nius plot of k; measured in the presence of the composite particles SPB-30-Pd9 (filled squares,
[Pd composites] = 0.00063gL~!). In the case of the Microgel-1-Pd9 system (open squares, [Pd
composites] = 0.00128 gL "), we obtained an S-curve that is similar to that of silver nanoparticles
(filled circles, data taken from [59], [Ag composites] = 0.0063 gLfl). The concentrations of the
reactants were [4-nitrophenol] = 0.1 mmolL~! and [NaBH4] = 10mmol L~' [24]

reaction rate will rise again. This demonstrates that the volume transition within a
thermosensitive network can be used as a switch. Fig. 11 shows that the catalytic
activity of the metallic nanoparticles can be tuned down by more than one order of
magnitude. In the case of a SPB-based metallic system (i.e., the SPB-30-Pd9 sys-
tem), the rate constant kpy, is fully described by a conventional Arrhenius expression
because SPB particles are not thermosensitive. The S-curve seen in the Arrhenius
plot in Fig. 11 must hence be due solely to the diffusional barrier for the reactants if
the network is shrinking with increasing temperature.

However, as shown in Fig. 12, with the increase of crosslinking density in the
microgel carrier system this S-curve- type of catalytic activity is less pronounced.
This can be explained as follows: The shrinking of the PNIPA network becomes
less pronounced (see Fig. 7). For the highly crosslinked system, the influence of the
diffusional barrier caused by the shrinking of the network on the rate constant will
be not so strong as that for systems with lower crosslinking density. In the limiting
case of a high crosslinking density, the shrinking of the network in the shell of the
particles will become marginal. In this case, the composite particles will exhibit the
conventional Arrhenius behavior of kupp.

In the meantime, this phenomenon has also been observed by other groups for
thermosensitive polymer-based metal nanoparticles [77, 78]. Pich et al. have used
microgel particles based on the copolymer of N-vinylcaprolactam (VCL) and ace-
toacetoxyethyl methacrylate (AAEM) (PVCL/PAAEM) as the carrier system for the
deposition of metal nanoparticles. The microgels were first modified with poly(3,4-
ethylenedioxythiophene) (PEDOT) nanorods through an in situ oxidative polymer-
ization process. Microgels with PEDOT nanorods in the shell were then used for the
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Fig. 12 Arrhenius plot of the reaction rate k(7') measured in the presence of PS-PNIPA-Ag com-
posite particles at different temperatures: squares KPS1-Ag (2.5 mol% BIS), triangles KPS2-Ag
(5 mol% BIS), and circles KPS3—Ag (10 mol% BIS). The concentrations of the reactants are: com-
posite particles, S = 0.042 m2L 1, [4-nitrophenol] = 0.1 mmolL™'; [NaBHy4] = 10mmolL~!. The
broken lines are guides for the eye [60]

deposition of AuNPs. It has been demonstrated that the obtained hybrid microgels
are effective catalysts for 4-nitrophenol reduction. The reaction speed of compos-
ite particles can be adjusted by varying the temperature in nonlinear order. Zhao
et al. [79] have observed similar behavior for the metal nanoparticles protected by
a double stimuli-sensitive diblock copolymer, poly(N-isopropylacrylamide)-block-
poly(4-vinylpyridine) (PNIPAM-b-P4VP). They found that the nanocomposites
possess pH and thermosensitivity, which can be utilized to modulate the catalytic
properties of both bimetallic and monometallic nanocomposites.

2.2.2 Catalytic Activity for Oxidation of Alcohols

The oxidation of alcohols to the corresponding aldehydes or ketones is an impor-
tant reaction in organic synthesis [80—82]. This catalytic reaction can be carried out
at aerobic conditions and the conversions of the reaction can be checked by gas
chromatography (GC). It is important to note that water is almost the only solvent
currently deemed suitable for the industrial application of this catalytic process, be-
cause it avoids the hazards associated with the use of oxidizable organic solvents
under oxygen pressure. Recently, Uozumi et al. [83] have reported the aerobic ox-
idation in water of various alcohols by using amphiphilic PS-PEG (polyethylene
glycol) resin-supported Pt nanoparticles as catalyst. Biffs et al. [84] have studied
the catalytic activity of microgel-stabilized Au nanoclusters in the aerobic oxidation
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Fig. 13 Test reaction (oxidation of benzyl alcohol to benzaldehyde) used for the analysis of
the catalytic activity of microgel-metal nanocomposite particles. All runs were done at room
temperature

of benzylic and aliphatic alcohols in water under mild conditions (50-70°C, 1-3
atm O;). More recently, we have demonstrated that SPB-stabilized Au—Pt nanoal-
loy particles are excellent catalysts for the oxidation of alcohols to aldehydes or
ketones [28].

Metal nanoparticles embedded in thermosensitive core—shell microgel particles
can also work efficiently as catalyst for this reaction. Figure 13 shows the oxidation
reaction of benzyl alcohol to benzaldehyde in aqueous media by using microgel—
metal nanocomposite particles as catalyst. All reactions were carried out at room
temperature using aerobic conditions. It is worth noting that the reaction condi-
tions are very mild and no phase transfer catalyst is needed. It has been found that
microgel-metal nanocomposites efficiently catalyze the aerobic oxidation of benzyl
alcohol at room temperature. No byproducts have been detected by GC after the
reaction, and water is the only product formed besides the aldehyde.

The catalytic activity is expressed in turnover frequency, TOF = [amount of ox-
idation product formed (mmol)/amount of catalyst (mmol)]h~!. The activities of
microgel-metal nanocomposite particles have been also compared to the activities
seen in other systems containing metal nanoparticles. The results are gathered in
Table 2. In our study, we obtained TOF = 159.4 h~! at 25°C and TOF = 2203 h~!
at 40°C for the oxidation of benzyl alcohol using microgel-Au nanocomposites as
catalyst, which compares favorably to the systems reported in the literature. More
recently, we have reported a high catalytic activity and selectivity of AuNPs im-
mobilized in SPBs. Here, a TOF of 2976 h~! for the oxidation of benzyl alcohol
under similar conditions was reported [28]. This difference between the two carrier
systems is certainly due to the different diffusion rate of the reactant molecules to-
wards metal nanoparticles in both carrier systems. Moreover, it can be seen that Au
composite particles show higher catalytic activities compared to Pt or Rh nanocom-
posites, which agrees well with the results obtained from SPB-stabilized metal
nanoparticles.

Furthermore, it is reported that metal catalysts usually require a basic pH for suf-
ficient activity for the aerobic oxidation of alcohols in water [85]. Thus, Biffis found
that the productivity of the Au nanoclusters can be enhanced by running the reaction
at basic pH (pH 9.9) in their system. However, further enhancement of the pH of the
reaction solution was not possible, due to the precipitation of catalyst caused by
the increased hydrophobicity of the microgel through deprotonation of the polymer-
bound amino groups [84]. In our work, we tried to carry out the catalytic reaction
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Table 2 Comparison of the catalytic activity for alcohol oxidation to the corresponding aldehyde
in aqueous solution

Reaction conditions

Ref.  Catalyst Alcohol T (°C) P (atm) Gas TOF(h™1)
[80] Au/TiO, Benzyl alcohol 100 2 0O, 213
[82] Microgel-stabilized 1-Phenylethanol 100 1 O,  Extremely
Au (d =10+4nm) low
[84] Microgel-stabilized Benzyl alcohol 60 1.5 0O, 960
Au (d = 2.5nm)
[85] Au/PVP 4-Hydroxybenzyl 23 1 0, 15
alcohol
[29] Au/core—shell microgel Benzyl alcohol 25 1 Air 1594
[29] Pt/core—shell microgel Benzyl alcohol 25 1 Air 814
[29] Rh/core—shell microgel Benzyl alcohol 25 1 Air 335
[29] Au/core—shell microgel Benzyl alcohol 40 1 Air 2203

with a decreased amount of K,COj3 in the system. It was found that the catalytic ac-
tivity and selectivity of AuNPs were not altered when only 1 mmol K;COj3 instead
of 3 mmol was used.

The influence of temperature on the catalytic activity of microgel-based metal
nanocomposite particles has also been studied. It is known that the polarity of the
gel changes with the volume phase transition of the microgel from hydrophilic to
hydrophobic. As shown in Fig. 14, at low temperatures (T < 32°C) the network
is swollen in water, and is hydrophilic. Above the volume transition (7" > 32°C),
the network becomes hydrophobic and can thus accumulate hydrophobic reactants.
From this point of view, the catalytic activity of microgel-metal composite particles
at high temperatures will be affected both by the volume transition of the microgel
(as shown in Fig.8) and by the change of polarity of the microgel (as shown in
Fig. 14).

Figure 15 shows the influence of temperature on the catalytic activity in an Arrhe-
nius plot of the TOFs. These data can be compared to data obtained for the reduction
of 4-nitrophenol with an excess of NaBHy in presence of the metal nanocomposite
particles. From Fig. 15, a nonlinear relationship between In (TOF) and 7! can be
seen. The TOF increase more than exponentially with increased temperature. Only
in the immediate vicinity a significantly smaller TOF is monitored.

In principle, there are two factors that will influence the catalytic activity: First,
the collapsed PNIPA layer probably presents a higher steric barrier for benzyl al-
cohol molecules to diffuse from bulk aqueous dispersion to the surface of AuNPs,
causing the reaction to slow down (as shown in Fig. 8). Second, with the increase of
temperature, water-soluble hydrophilic PNIPA networks become oil-soluble and hy-
drophobic, which is favorable for the diffusion of hydrophobic benzyl alcohol onto
the AulNP surface (as shown in Fig. 14). Thus, the catalytic activity of Au composite
particles should increase with increasing temperature. Figure 15 demonstrates that
the second effect prevails over most of the temperature range; the TOF value at 40°C
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Fig. 14 Catalytic oxidation of benzyl alcohol in the presence of metal nanoparticles immobi-
lized in thermosensitive core—shell microgels at different temperatures. At lower temperatures
(T < 32°C) the microgel network is hydrophilic and swollen in water, whereas at high temperatures
(T > 32°C), the network shrinks and becomes hydrophobic. Thus, microgel particles embedding
the metal catalyst will move to the oil phase, which will be favorable for the uptake of hydrophobic
benzyl alcohol into the metal-microgel composite. Therefore, the catalytic activity of the metal—
microgel composites will be affected both by the volume transition and the polarity change of the
microgel [29]

220

200

1000
] -180
=3

L160 3,

TOF, [h™1]

- 140
100 4

-120

T T T T T T T T
0,0032 0,0033 0,0034 0,0035 0,0036
1/T, [K]
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zyl alcohol in the presence of microgel-Au nanocomposite particles (1 atm air, 1 mmol K,COs3,
[microgel-Au] = 3.68 x 1073 molL~1). The lines are guides for the eye [29]
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is much higher than the value following from conventional Arrhenius kinetics. This
is different to the behavior that we found for the reduction reaction of 4-nitrophenol.
The results demonstrate that the catalytic activity for the oxidation of benzyl alco-
hol is in general more sensitive to the change of polarity than the diffusional barrier
brought about by the volume transition of the crosslinked PNIPA network. It needs
to be pointed out that the selectivity of the reaction is lower when the reaction tem-
perature is higher than 30°C. Under these conditions, benzoic acid has been detected
as a byproduct by GC, which is accord with the phenomenon found by Hutchings
[80] and Biffis [84].

2.2.3 Catalytic Application for Other Reactions

The Pd-catalyzed Heck [86, 87] and Suzuki [88, 89] reactions (cobalt nanospheres
are also able to catalyze these reactions [90]) between aryl halides and alkenes or
boronic acids, respectively, are well-established tools for C=C bond formation in
organic synthesis [91, 92]. A convenient route for crosscoupling reactions involves
reusable Pd nanoparticles that promote these reactions in organic solvents or in
water [93, 94]. The handling of the nanoparticles, however, might impose prob-
lems during workup unless the particles are immobilized on suitable carriers. Biffis
and Sperotto [95] have studied the application of microgel-stabilized metal nan-
oclusters as catalysts for different reactions and confirmed the enhanced catalytic
activity of Pd nanoclusters in Heck reaction of activated aryl bromides, which is
attributed to the smaller size of the metal nanoclusters. Moreover, in order to under-
stand the mechanism of these reactions, they have compared the catalytic activity of
microgel-stabilized Pd nanoclusters with that of the corresponding microgel-Pd(II)
acetate complexes, precursors of the nanoclusters themselves, which were prepared
in situ before reaction. They found that with activated or unactivated aryl bromides
such as 4-bromoacetophenone or bromobenzene, the Pd nanocluster catalyst affords
slightly higher yields than the corresponding Pd(II) precursor. The situation reverses
when a deactivated aryl bromide such as 4-bromoanisole is the reagent. In this case,
the unreduced Pd precursors are significantly more active than the corresponding
nanoclusters. Finally, in the case of an activated chloride as the reagent, only the
unreduced Pd precursors bound to microgel show significant activity. This can be
explained by the reason that with activated or unactivated aryl bromides, oxidative
addition of the aryl halide to the zerovalent metal is fast compared to its formation,
and hence the metal nanoclusters appear to be more reactive. In contrast, oxidative
addition is slower with deactivated aryl bromides, and in situ reduction probably
leads to a higher dispersion of zerovalent Pd species and hence to higher activity.
These observations demonstrate that the microgel-stabilized Pd nanoclusters act, in
this case, mainly as a reservoir of Pd complexes, which are the true catalytically
active species. This is accord with the results by Kohler for the Pd/C catalysts [96].

Li et al. [97] have synthesized Pd nanoparticles in the core of thermosensi-
tive brush-grafted polymeric particles and used them for catalysis of aqueous
biphasic hydrogenation of styrene. Thermoresponsive poly[methoxytri(ethylene
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glycol) methacrylate] brushes were grown from initiator-functionalized core—shell
crosslinked poly(z-butyl acrylate) (PrBA) particles via surface-initiated atom-
transfer radical polymerization (ATRP). The supported Pd nanoparticles efficiently
catalyzed hydrogenation of styrene in an aqueous/octane biphasic system. Kinetics
studies showed that the catalytic activity of Pd nanoparticles was modulated by the
phase transition of the thermosensitive brush layer, resulting in a non-Arrhenius
dependence of the apparent initial rate constant, k,pp, On temperature.

3 Microgels as Carrier Systems for Proteins and Enzymes

Microgel particles can be used not only as nanoreactors for the immobilization of
catalytically active metal nanoparticles, but also for enzymes with high catalytic
efficiency. In the last decade, immobilization of enzymes on suitable supports has
become a central topic and there is a vast literature on this subject. In so far as
biocatalysts are concerned, immobilization of enzymes is advantageous for com-
mercial application due to convenience in handling, ease of separation of enzymes
from the reaction mixture for reuse, low product cost, and possibly increased ther-
mal and pH stability [98]. Enzymes can be also used as sensors as long as they
retain their enzymatic activity [99, 100]. Therefore, an important requirement for
protein or enzyme immobilization is that the matrix should provide a biocompat-
ible and inert environment, i.e., it should not interfere with the native structure of
the protein and thereby compromise its enzymatic activity. As most enzymes are
water-soluble, they are usually immobilized into insoluble matrices. Very often, ad-
sorption on flat surfaces is followed by a considerable flattening and deformation
of proteins. Similar findings have been reported for proteins adsorbed onto the sur-
face of colloidal particles. Hence, the surface of solid supports must be modified
in a suitable way in order to prevent a direct contact with the immobilized pro-
tein [101]. Numerous protein- or enzyme-loaded microgels have been synthesized
and investigated. Microgels composed of acrylamide and methylene bisacrylamide
[102], dextrans grafted with methacrylates, PEG-methacrylates, and PLGA-PEG-
methacrylates have all been synthesized and used to encapsulate proteins [103].

3.1 Control of Protein Adsorption

In general, the adsorption of protein on microgel could be driven by hydrophobic
or/and by electrostatic interaction [104, 105]. However, it has been recognized that
the adsorption of protein on the charged surface of microgel particles is particularly
complicated and in need of further elucidation [106, 107]. Moreover, protein ad-
sorption onto the surface of microgel particles causes the surface to be environed by
protein. Therefore, the surface properties may change with an increase in the degree
of surface coverage by protein. This gives an opportunity to modulate the final char-
acteristics of the microgel after loading protein. Until now, a lot of research work has
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been done to better understand the mechanisms controlling the adsorption process.
In particular, both the changes in the microgel’s pore size (its “porosity”) and
changes in its hydrophobicity above the transition temperature should be considered.

Kawaguchi et al. [108] found that the extent of adsorption of protein is decided by
the hydrophilicity of the microgel surface. Since changes in temperature change not
only the swellability of the microgel but also the hydrophilicity of the surface, the
adsorbability of proteins on the PNIPA microgels is temperature-dependent. PNIPA
microgels favor the adsorption of protein (human y-globulin) when the thermosensi-
tive surface of microgel becomes hydrophobic above the LCST. Moreover, proteins
once adsorbed on the microgels at a high temperature could be desorbed more or
less by lowering the temperature to below LCST.

Grabstain and Bianco-Peled [109] have studied the binding of proteins [bovine
serum albumin (BSA), ovalbumin, and lysozyme] to PNIPA microgels to under-
stand the relationship between the binding characteristics and the physical properties
of the proteins. The experiments were conducted both below (25°C) and above
(37°C) the volume phase transition temperature of the microgels, 7. All binding
isotherms could be well fitted to either the Langmuir adsorption isotherm or a lin-
ear adsorption isotherm. It is found that although microgel particles contain a larger
amount of protein below T¢, the concentration of the protein within it is higher above
T:.. This indicates that there are two coexisting binding routes for protein adsorption:
penetration into the polymeric network, and adsorption on the surface of the parti-
cle. Further investigations show that although a sorption mechanism was dominant
below T, surface adsorption was more important above it. Below 7. the binding
increases with a decrease in the protein molecular weight. On the other hand, no
significant difference in the bound protein amounts was observed above the 7.

Pichot et al. [110] have investigated the physicochemical parameters ruling the
immobilization of oligonucleotides (ODNs) onto aminated PNIPA microgel parti-
cles (either covalent or by physical adsorption). They showed that the adsorption of
ODN s onto positively charged particles was mainly governed by electrostatic inter-
actions. At low pH, when the microgel was positively charged by protonation of the
amine groups, adsorption was maximum, and the ODN adsorbed amount decreased
with increasing pH. Adsorption was also reduced by increasing the ionic strength
of the buffer. The covalent immobilization took place in a basic pH (> 9) to avoid
physical adsorption and to allow the best reactivity possible of the particle-borne
amino groups. Ionic strength had a great effect on the amount of probe immobilized
onto the PNIPA particles. Li et al. [111] investigated whether DNA—microgel con-
jugates were compatible with the enzymatic reactions that are commonly used for
manipulations of DNA in the design of DNA-based bioassays or biosensors. They
demonstrated that DNA ODNss can be covalently coupled to microgels and that DNA
molecules on microgels can still be manipulated by DNA-processing enzymes such
as T4 DNA ligase and phi29 DNA polymerase.

Huo et al. [112] studied the binding of protein to a charged microgel and
the influence of protein on the physical appearance and structural peculiarities
of the microgel. For this purpose, pH- and temperature-sensitive poly(N-
isopropylacrylamide-co-acrylic acid) [P(NIPA-co-AAc)] microgels with various
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contents of acrylic acid (AAc) and crosslinker were synthesized. The microgels
exhibited affinity of binding BSA with increase of AAc contents. The temperature
and the pH in suspension dominated the binding amounts of BSA due to three
competing interactions, i.e., hydrophobic, electrostatic and hydrogen bonding. The
maximum adsorption was observed at around pH 4.0, whereas both low pH and ba-
sic conditions induced the rather low adsorption. In addition, AFM images showed
that the microgel particles underwent bridging aggregation by loading BSA. The
resultant BSA—microgel particles became more hydrophobic after loading BSA.
Importantly, the adsorption of BSA onto P(NIPA-co-AAc) microgel was found
to alter the swelling/deswelling behavior of the resultant microgel suspensions.
With an increase in BSA concentration, the volume phase transition temperature of
BSA-microgel particles shifted to a lower temperature.

Gold nanoparticles are excellent candidates for bioconjugation. They are biocom-
patible and can readily bind to a range of biomolecules such as amino acids [113],
proteins, enzymes [114], and DNA [115] and they expose large surface areas for
immobilization of biomolecules. Tong et al. [116] have tried to immobilize AuNPs
into microgel particles with PNIPA core and polyethyleneimine (PEI) shell via com-
plexation between AuNPs and the amine groups on the surface of the microgel
particles. It was found that the AuNPs bound to microgel particles can act as excel-
lent supports for the immobilization of the enzymes horseradish peroxidase (HRP)
and urease. The enzymes conjugated on the nano Au/microgel particles show en-
hanced biocatalytic activity, especially at lower enzyme concentrations. This could
be due to the fact that nano Au/microgel particles can accumulate both substrates
and enzymes on their surface and thus increase the local concentration of enzyme
and substrate. In addition, the HRP on microgel particles also exhibits higher storage
stability.

PEG is well known to provide resistance to protein adsorption [117, 118]. Thus,
Gan and Lyon [119] tried to incorporate PEG chains into the thermoresponsive
PNIPA microgels to minimize nonspecific interactions of the particles with bio-
logical environments. A reduced adsorption of BSA on the particle surface was
observed as a result of incorporation of PEG chains into the particles, especially
when the PEG chains were located in the shell of the particles. This effect is most
pronounced when the PNIPA is phase-separated above the LCST, which indicates
that the PEG side-chains may stretch outward from the particle surface as the par-
ticles collapse at temperatures above the transition temperature. Similar effects are
also observed for particles where the PEG chains are localized in the particle core,
which is then surrounded by a PNIPA shell. These results suggest that the PEG
grafts can penetrate the PNIPA shell when it is in its phase-separated state.

The use of microgels as biodetecting microlenses is a new and interesting
concept. Thus, Nayak and Lyon [120] synthesized complex core—shell microgel
nanoparticles that bind to a protein through both native protein—ligand interactions
as well as through steric sieving. The core is predominantly composed of PNIPA
with AAc as a minor component (10 mol%). The acid groups are used for attaching
biotin to the nanoparticles by carbodiimide coupling. These biotinylated hydrogel
core nanoparticles are coated with a shell that contains the cleavable crosslinker
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N,N’-(1,2-dihydroxyethylene) bisacrylamide (DHEA). At the initial crosslink den-
sity, the pore size of the shell is too small to allow avidin molecules to pass through
to the core where they bind biotin. Upon chemical cleavage of the crosslinks, the
pore size increases enough to allow avidin to pass through and bind biotin. Such
nanoparticles could find applications in protein separation processes in which the
shell essentially behaves as a molecular-weight-cutoff membrane to eliminate the
binding of macromolecules and assemblies that are larger than the protein of inter-
est. Furthermore, hydrogel microlenses can be prepared via Columbic assembly of
these biotinylated P(NIPA-co-A Ac) microgel particles onto a silane-modified glass
substrate [121]. Arrays containing biotinylated P(NIPA-co-AAc) microgels have
been used to detect multivalent binding of both avidin and polyclonal anti-biotin.
Protein binding can be determined by monitoring the optical properties of the mi-
crolenses using a brightfield optical microscopy technique. The microlens method
is shown to be very specific for the target protein, with no detectable interference
from nonspecific protein binding.

The most common method for engineering acid sensitivity in microgels is
through the incorporation of cationic groups, which become protonated at acidic pH
and cause hydrogel swelling. However, for protein delivery, it would be preferable to
develop acid-sensitive hydrogels that were neutral, thus avoiding the potential tox-
icity of polycations and the complications of electrostatic interaction with proteins.
Fréchet et al. [122] synthesized a new acetal crosslinker with p-methoxy substituent,
which can be used to prepare acid-sensitive, acetal-crosslinked, protein-loaded
hydrogels and microgels. At acidic pHs, the pore size of the acetal-crosslinked hy-
drogels increases due to the hydrolysis of the acetal, and entrapped protein diffuse
out, whereas at neutral pH the crosslinker remains largely intact, and the release of
entrapped protein is significantly slower.

More recently, we have demonstrated that thermosensitive core—shell PS—PNIPA
microgels can serve as superior carriers for the adsorption of B-D-glucosidase. The
adsorption capacity of the microgel particles was determined by investigating the
efficiency of immobilization at different enzyme concentrations at 4°C (Fig. 16).
Hence, B-D-glucosidase is adsorbed onto this microgel below the LCST. At the
chosen conditions, up to 620 mg B-D-glucosidase per gram microgel could be ad-
sorbed. This indicates that strong interactions between both species exist, even in
the swollen state of PNIPA. The adsorption behavior of B-D-glucosidase can be de-
scribed by a Langmuir-type model:

Tads Kesol
- b
Tads,M 1+ Kcsol

@)

where T,4s/Tads,M denotes the fraction of adsorption sites occupied as the function of
the enzyme concentrations in solution ¢, and Tygs M 1S the maximum binding ca-
pacity. K was determined to be 0.08 &= 0.03mLmg ! and Tygs m 1400 £ 300mgg !
microgel by fitting the experimental data using (2), as shown in Fig. 16. This
high capacity demonstrates that enzyme molecules penetrate deeply into the net-
work. Furthermore, it could be confirmed that, at given adsorption conditions, no
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Fig. 16 The adsorbed amount of B-d-glucosidase per gram microgel T,qs is plotted versus the
concentration of free enzyme cy in solution. The dashed line represents the fit of the experimen-
tal data by (2). The arrow marks the amount of entrapped enzyme used for kinetic investigation
(620 mg B-D-glucosidase per gram microgel). The inset displays the data as a linear Langmuir plot.
The adsorption was conducted at 4°C in 10 mM MOPS buffer solution (pH 7.2) and with a micro-
gel concentration of 1 wt%. The immobilized enzymes do not prevent the microgel from shrinking
at temperatures above the LCST [23]

leakage of B-D-glucosidase occurs. Since the isoelectric point of the isozyme of
B-D-glucosidase from almonds is 4.4, the enzyme is negatively charged at the chosen
adsorption conditions. PS-PNIPA microgel is also weakly negatively charged due
to the sulfate groups that were introduced into the polymer by the initiator K,S,0Os.
This results in an overall repulsion between particles and enzyme. Thus, the main
driving forces for immobilization are the formation of hydrogen bonds between the
backbone of the enzyme and the amide side chains of the microgel, as well as hy-
drophobic bonding [123].

3.2 Modulation of Enzyme Activity with Temperature

Microgel particles have been demonstrated to be good substrates for the immobiliza-
tion of enzymes, which retain their catalytic efficiency [124]. However, the design of
a carrier system in which the catalytic efficiency can be regulated by some extrinsic
stimulation such as temperature, pH, ion intensity, or magnetism remains a chal-
lenge. Very recently, Liu et al. [125] have reported the introduction of glutathione
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Fig. 17 Determination of glutathione peroxidase activity using TNB and H, O, as substrates [125]
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Fig. 18 Change in the activity and size of the microgel catalyst with temperature [125]

peroxidase (GPx) active sites into the temperature-responsive PNIPA scaffolds.
A tellurium-containing compound, bis(3-acryloyloxypropyl)-telluride, was copoly-
merized with PNIPA and functionalized as a GPx-like catalytic center. The reduction
of cumene hydroperoxide (CUOOH) by 3-carboxyl-4-nitrobenzenethiol (TNB) was
used to evaluate the GPx-like activity of the microgel catalyst (as shown in Fig. 17).
By combining the binding ability endowed from micropores of functional microgels
and the catalytic moiety tellurium, this new microgel catalyst exhibits high GPx-like
catalytic activity with the typical saturation kinetics behavior of a real catalyst. More
importantly, the catalytic efficiency of this microgel enzyme model displays obvious
temperature-responsive characteristics, as shown in Fig. 18. The catalytic activity of
the microgel can be turned on and off reversibly by changing the temperature. Be-
low 32°C the catalytic activity increases slowly with increasing temperature and
reaches the highest catalytic activity at 32°C. When the temperature goes up further
the catalytic activity goes down sharply and is almost lost above 50°C. This phe-
nomenon might be caused by the change in the pore size of the microgel networks,
together with the change in the hydrophobicity of the core by altering the temper-
ature. The smaller pore size means that it is more difficult for substrates to enter
the core to approach the catalytic site, thus resulting in the dramatic decrease in cat-
alytic efficiency. This demonstrates that the changes in pore size and hydrophobicity
of the microgel, which are induced by the change in temperature, play key roles in
regulating the enzyme activity.

Our group has demonstrated that the catalytic properties of immobilized en-
zymes can be manipulated by the temperature-dependent swelling behavior of the
microgel. The hydrolytic activity of adsorbed and native B-D-glucosidase was de-
termined as a function of temperature. Desorption of immobilized enzyme upon
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Fig. 19 Reactions used for testing the activity of enzymes (B-D-glucosidase) immobilized in the
thermosensitive core—shell microgel template at different temperatures. Enzymatic hydrolysis of
the substrate oONPG produces d-glucose and o-nitrophenol. The concentration of the resulting
o-nitrophenol can be monitored photometrically

temperature increase can be excluded because higher adsorption capacities above
the LCST are observed in general [126]. As depicted in Fig. 19, o-nitrophenyl-f3-
D-glucopyranoside (0NPG) was chosen as substrate. The enzymatic activity was
evaluated in terms of Michaelis—Menten kinetics [127]:

. Vmax [S] . kcat [E}tot[s}
VKt S] . Kmt[S] )

where [S] is the substrate concentration, V. is the maximum rate attained at infinite
concentration of substrate, K, is the Michaelis—Menten constant, [E] is the total
enzyme concentration and k, is the turnover number.

Figure 20a displays the resulting rates v and kq, for the native and adsorbed
B-D-glucosidase at 20°C and 40°C. Table 3 summarizes the respective Kinetic pa-
rameters. The values for the free enzyme at 20°C are comparable to data obtained
in preceding studies [128], whereas the immobilization of B-D-glucosidase onto
PS—PNIPA microgels results in a remarkable enhancement of the hydrolytic ac-
tivity by a factor of 3.2-3.5. In order to elucidate this effect further, we investigated
the catalytic rate for native and adsorbed B-D-glucosidase between 12°C and 60°C.
The values of k¢, that were evaluated from Michaelis—Menten kinetics were plot-
ted according to the Arrhenius equation. Figure 20b displays the Arrhenius plots
for native and entrapped B-D-glucosidase. These experiments unambiguously show
that for the whole temperature range, kcy¢ of the adsorbed B-D-glucosidase exceeds
that of the native enzyme. Moreover, as is obvious from Fig. 20b, adsorption of the
enzyme leads to a slowing down of the catalytic rate at temperatures where the vol-
ume transition of PNIPA occurs. Moreover, above the LCST, a smaller activation
energy for the catalyzed reaction is observed compared to that for the free enzyme.
Both phenomena can be attributed to the volume phase transition of the PS—PNIPA
polymer at 32°C, where the hydrodynamic radius of the carrier shrinks by about
40 nm. Therefore,the reduction of the pore sizes of the PNIPA network must lead
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Fig. 20 (a) Lineweaver—Burk plots for the hydrolysis of oNPG catalyzed by immobilized (circles,
620 mg enzyme per gram microgel) and native B-D-glucosidase (squares) at 20°C (left) and 40°C
(right) in MOPS buffer (pH 7.2). (b) Arrhenius plots of native (squares) and immobilized (cir-
cles) B-D-glucosidase (620 mg enzyme per gram microgel) in MOPS buffer solution (pH 7.2). The
turnover number k¢, for each temperature was determined by performing a whole Michaelis—
Menten curve according to Fig. 20a. The enzyme concentration was between 0.005 and 0.01 gL~
(native enzyme) and 0.0035-0.01 gL.~! (immobilized enzyme), respectively, and the substrate con-
centration varied between 1.0 and 20.0 mM. The dashed lines are linear fits of the experimental data
according to the Arrhenius equation to determine the activation energies of the rate-limiting steps
of the reaction. In addition, the swelling curve (diamonds) of the carrier particles is plotted [23]

to a slowing of the diffusion of oNPG. This increase of the diffusional barrier is
followed by a slight decrease of k.,.. When the temperature decreases further, the
density within the network is constant and the linear relationship between In k¢, and
T~ is recovered again. The lower activation energy (E,) above the LCST indicates
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Table 3 Kinetic parameters of native and immobilized B-D-glucosidase at 20°C
and 40°C [23]

Enzyme Temperature (°C) Ky, (mM) keat® (s71)
Free 20 6.8 +1 20.4
Free 40 6.8 +1 57.8
Immobilized 20 94+ 1 65.5
Immobilized 40 11341 204.2

2Related to B-D-glucosidase in its dimeric form with a molecular weight of 135 kD

that diffusional limitations affect the catalytic rate in the shrunken state of the mi-
crogel. Analogous catalytic results were obtained when metal nanoparticles were
embedded within microgel particles [59].

Thus, the results shown here demonstrate that thermosensitive microgel particles
can serve as superior carriers for the adsorption of enzymes in which the activity of
adsorbed enzymes are preserved. The catalytic activity of adsorbed B-D-glucosidase
from almonds is increased by a factor of more than three. Moreover, the catalytic
properties of immobilized enzymes can be manipulated by the volume transition of
the microgel. Hence, such microgels present a novel class of “active” nanoreactors
for biocatalysis.

4 Conclusion

All results reviewed herein demonstrate that the microgel particles may serve as
“nanoreactors” for the immobilization of catalytically active nanostructures, namely
for metal nanoparticles and enzymes. In both cases, the resulting composites parti-
cles are stable against coagulation and can be easily handled. Moreover, the catalytic
activity of metal nanoparticles can be modulated through the volume transition that
takes place within the thermosensitive microgel carrier system. Similar behavior has
been also observed for the temperature dependence of enzymatic activity. Thus, the
microgel particles present an “active” carrier system for applications in catalysis.
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PNIPA Am-co-acrylic acid 2-hydroxyethyl
ester (HEA) 26

PNIPAM-b-P4VP 144

Polyacrylamide (PAAm) 5, 42

Polyampholytes 49

Polyaspartic acid 76

Polybutylcyanoacrylate (PBCA) 55

Polyglycerol (HPG), hyperbranched 46

Polypyrrole (PPy) 123

Poly(acrylamide) (PAAm) 113

Poly(acrylamide-methacrylic acid) 10

Poly(acrylic acid) (PAA) 102

Poly(z-butyl acrylate) (PtBA) 149

Poly(diallyldimethylammonium chloride)
(PDADMAC) 25

Poly(N,N’-diethylacrylamide) (PNDEAm) 8

Poly(1,1-dihydroperfluorooctyl
methacrylate)-b-poly(ethylene
oxide) (PFOMA-b-PEO) 41

Poly[2-(dimethylamino)ethyl methacrylate]
(PDMA) 13

Poly(3,4-ethylenedioxythiophene)
(PEDOT) 143

Poly(ethylene glycol) (PEG) 78, 82

dicarboxylic acid 5
modified gelatin 43

Poly(ethylene glycol) methacrylate
(PEGMA) 13

Poly(ethylene glycol) methyl ether
methacrylate 13

Poly(ethylene imine) (PEI) 81

Poly(ethylene oxide) (PEO) 97

Poly(ethylene oxide-stat-propylene oxide)
[sP(EO-stat-PO)] 84

Poly(ethylene-co-butylene)-b-poly(ethylene
oxide) [P(E/B-b-EO)] 41

Poly(ethylenedioxy thiophene) (PEDOT) 28

Poly(N-ethylmethacrylamide) (PNEMAM) 8
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Poly(N-isopropylacrylamide) (PNIPAM) 1, 3,
46,77, 131
Poly(N-isopropylacrylamide acrylic
acid-2-hydroxyethyl acrylate) 131
Poly(D,L-lactide)-grafted gelatin 43
Poly[methoxytri(ethylene glycol)
methacrylate] 148
Poly(NIPA-co-AAc) 137
Poly(NIPA Am-co-acrylamidophenylboronic
acid) 18
Poly(propylene oxide) (PPO) 115
Poly(sodium styrenesulfonate) (PSS) 26
Poly(styrene-co-acrylic acid) 53
Poly(vinyl alcohol) (PVA) 9, 107
Poly(N-vinylcaprolactam) (PVCL) 1,5, 131
Poly(N-vinylcaprolactam-co-acetoacetoxy-
ethyl methacrylate) 23
Poly(4-vinyl pyridine) (P4VP) 19
Poly(vinyl pyrolidone) (PVP) 5, 97
Polysaccharides, micro-/nanogels 74
Precipitation polymerization 1, 6
Precipitation—micronization 75
Prepolymers 65
PRINT 6
Proteins 1, 149
adsorption 149
PS-PEG 144
PS—PNIPA 133, 155
Pullulan 74
cholesterol-bearing 79
Pulse irradiation 104
radiolysis 107
PVCL/PAAEM 143
PVME 107
PVP-PAA 118

Q

Quantum dots 31

R
Radiation cross-linking 95, 104
Responsive polymers 95

S

Self-crosslinking 7

Sensitive microgels 95

Sensitivity 1

Shirasu porous glass (SPG) membrane 5
Silver nanoparticles 132

Smart gels 45

Sodium dodecyl sulfate (SDS) 9, 46
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Sol-gel analysis 99

Spherical polyelectrolyte brushes (SPB) 130

Stimulus-responsive polymer gels 45

Styrene capped poly[2-(dimethylamino)ethy]
methacrylate] (PDMASO-styrene) 13

Sulfanylthiocarbonylsulfanyl (STS) 77

Surfactant-stabilized microgels 9

Swelling 1

T

Templates 52

Tetraethylene glycol dimethacrylate
(TEGMA) 8

Thermosensitivity 129

Index

Triethylene glycol dimethacrylate
(TREGDMA) 8
Tripolyphosphate (TPP) gelation 76

v

N-Vinylcaprolactam (VCL) 13, 143

N-Vinyl formamide (NVF) 24

Vinyl imidazole (VIm) 12

Vinyl pyrrolidone 126

Volume phase transition temperature (VPTT) 4

W
Wall-to-wall gel 99, 101
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