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Abstract: Stimuli responsive surface structures attract increasing attention due
to a large variety of envisioned applications. The controlled organization of
poly(N-isopropyl acrylamid), PNIPAM microgel particles at solid surfaces in-
spired numerous research activities. In this review article, we briefly discuss the
swelling/deswelling properties of adsorbed microgel particles in comparison to
the behavior in the bulk phase. The presence of the solid interface highly influ-
ences and changes their behavior with respect to the properties in solution. Fur-
thermore, the confinement on a solid substrate allows the direct and in-situ in-
vestigation of the mechanical properties of the microgel particles. Additionally,
we briefly review the research on microgel particles at liquid interfaces. At these
interfaces new interesting effects occur. Moreover, we discuss some interesting
work on potential applications. In this context, microgel particles are often used
as an active component for responsive coatings of various functionality envision-
ing applications, e.g. in medicine, biotechnology, and nanooptics.

Keywords:Microgels, Surfaces, Interfaces, PNIPAM.

Zusammenfassung: Responsive Oberflächenmaterialien finden aufgrund der da-
mit verbundenen potentiellen technischen Anwendungsmöglichkeiten große Be-
achtung in der aktuellen Forschung. Die Möglichkeit, kolloidale Gelpartikel aus
poly(N-Isopropylacrylamid), PNIPAMan festen Oberflächen kontrolliert anzuord-
nen, inspirierte vielfältige Forschungsakivitäten. In diesem Übersichtsartikel dis-
kutieren wir das Quellverhalten adsorbierter Mikrogelpartikel im Vergleich zu
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dem entsprechenden Verhalten dispergierter Partikel in der Volumenphase. Die
Anwesenheit der festen Oberfläche beeinflusst und modifiziert diese Eigenschaf-
ten sehr stark im Vergleich zur Volumenphase. Die geometrische Einschränkung
an der Oberfläche erlaubt darüber hinaus auch die Untersuchung der mechani-
schen Eigenschaften der Mikrogelpartikel. Im Weiteren geben wir einen kurzen
Überblick über die Forschung zu Mikrogelen an flüssigen Grenzflächen. Zum Ab-
schluß beschreiben wir interessante Ansätze, um die besonderen Eigenschaften
von Mikrogelen für technische Anwendungen nutzbar zu machen. In diesem Sin-
ne werden Mikrogele als aktive Komponente in responsiven Oberflächenmateria-
lien untersucht. Solche Materialien sollen dann unter anderem in Medizin, Bio-
technologie und Nanooptik Verwendung finden.

Schlüsselwörter:Mikrogele, Oberflächen, Grenzflächen, PNIPAM.

1 Introduction
Microgels are polymer based colloidal particleswith an internal network structure
based on chemical cross-linking. Usually, these particles are highly swollen by
a good solvent. If the solvent is water they belong to the class of hydrogels. Nowa-
days, the term microgel generally describes gel particles with a size ranging from
100 to 1000 nm which are synthesized by precipitation polymerization. [57, 78]
Among them, poly(N-isopropylacrylamide), PNIPAM, is themost intensively stud-
ied aqueous thermoresponsive microgel and was first described by Pelton and
Chibante [72].

The temperature dependent swelling behavior of PNIPAM based microgels
is due to the lower critical solution temperature (LCST) of the network forming
polymer. At higher temperatures the particles exhibit a volume phase transition
(VPT) [71, 110]. As in the case of macroscopic gels the VPT is determined by the at-
tractive and repulsive interactions within the polymer network and between the
network and the solvent [91]. In case of microgels without ionizable groups in-
side the network the hydrophobic interaction is dominant. In the swollen state
water molecules reorganize around the alkyl groups of the polymer and form hy-
drogen bonds to the amide groups of PNIPAM. At increasing temperature the ex-
tent of water-water and water-monomer hydrogen bonding changes and induces
the deswelling. If ionizable groups are present in the network a Donnan poten-
tial inside the particle is created. A difference between the osmotic pressure in-
side and outside of the particles results and contributes tot he VPT as discussed
below. Structure and dynamics of the molecular components of the gel deter-
mine the LCST and affect phenomena such as diffusion of additives and con-
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formational rearrangements. The water properties in these systems were studied
theoretically [10] and experimentally by means of NMR [99], spectroscopy (e.g.
FTIR) [59] and also quasielastic neutron scattering [73].

Due to the synthesis by precipitation polymerization (with or without surfac-
tant), it is possible to prepare colloidal particles with a low polydispersity and
control of size, composition and functionalization is obtained. [52, 74] The chem-
ical cross-linking in microgels is achieved by bi- or multi-functional monomers
and in the case of N,N-methylenebisacrylamide (BIS) is often used. By changing
the cross-linker content, microgels with different network flexibility and there-
fore with varying swelling degree can be obtained. [34] Due to the fact that BIS re-
acts faster than NIPAMduring polymerization, [111] microgel particles with a non-
uniform cross-linker distribution are formed. It has been evidenced that the parti-
cles have a cross-linker gradient from a more dense core to a loosely cross-linked
outer shell. [29, 96] Furthermore, the physical properties of homopolymer micro-
gels can be easily modified by incorporation of functional comonomers during
the precipitation polymerization. Using acidic or basic comonomers like acrylic
acid [54, 93] or N-(3-aminopropyl) methacrylamide hydrochloride [45] an addi-
tional sensitivity against pH can be achieved [39, 85]. Beside this, there exists
a large number of nanoparticle-microgel hybrids. Inorganic materials, like sil-
ica [51], titaniumdioxide ormetal nanoparticles [50], are incorporated into the gel
network, either as core-shell particles or randomly distributed [25]. Thus, the hy-
brid material is an ideal combination of the responsive properties of the microgel
and the catalytic or optical properties of the nanoparticle. Furthermore, microgel
suspensions were studied as host media for proteins. In this approach, the net-
work is swollen with the native buffer solution and protects the protein against
denaturation and unfolding by a solvent [23, 24, 26].

In addition to the studies of the bulk properties of colloidal microgels the in-
vestigation of stimuli-responsive surface structures and the control of their prop-
erties became important. This is a still growing field in soft condensed matter re-
search, life sciences and material science. Due to the aim of designing new re-
sponsive and switchable surfaces and of understanding underlaying complex in-
terfacial processes it is essential to achieve detailed knowledge on the properties
of these materials after the adsorption process. In the following, we will focus on
studies on microgel particles made of PNIPAM, adsorbed to solid [8, 22, 46] and
liquid interfaces [55, 67, 77].

In bulk phase, the particle morphology, inner network structure, dynamics
and swelling/de-swelling behavior of neutral and charged microgels are usually
characterized by scattering methods such as static and dynamic light scatter-
ing, elastic and quasielastic small angle neutron scattering [11, 14, 40, 90, 109],
NMR [92]. Corresponding measurements in the adsorbed state require the use of
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Figure 1: Schematic and artistic representation of the differences between samples of adsorbed
microgel particles and bulk samples. Adhesive microgel particles can be organized at a solid
surface. Typically, silicon surfaces serve as adherend. Beside van der Waals forces repulsive
and electrostatic interactions can contribute to the adhesive-adherent interaction. The
confinement of these soft particles leads to significant changes in their physical properties
compared to microgel particles dispersed in water. This is indicated by a typical AFM image (left
side) of a few micron scan size and a particle height of a few 10 nm up to few 100 nm. (Height
values are given in nm.) In contrast to this, in a typical microgel dispersion interparticle
interactions are spatially homogenous.

imaging techniques, ellipsometry, quartz crystall microgravimetry, and other sur-
face sensitive techniques. In case of small microgel particles also neutron reflec-
tometry and other surface scattering methods could be applied. Throughout this
review a wide spectrum of techniques will be mentioned. Figure 1 illustrates the
differences between the adsorbed state and a microgel dispersion. The prepara-
tion of microgel layers on solid and liquid substrates rises a series of important
and fundamental questions concerning their physical properties in confinement.
In particular, does the confinement influence the swelling/deswelling behavior?
Is this influence observable as changes of the volume phase transition temper-
ature (VPTT) and/or the swelling ratio? With this respect, details of the adsorp-
tionmechanism, volume changes due to adsorption and the effect of the microgel
compositionon theseproperties are of great interest.Workon these complexques-
tions is discussed in Section 2. Moreover, this is directly related to the mechanical
properties of the adsorbed microgel particles (Section 3). The understanding of
these subjects directly allows the formation of ordered and functionalized struc-
tures on various types of surfaces as shown in Section 4 and enables development
of a wide spectrum of applications (Section 5).
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2 Microgel particles at interfaces

2.1 Microgel particles at solid Interfaces

2.1.1 Adsorption of microgel particles

Adsorption of uncharged homopolymer microgel particles at a solid surface is de-
termined by the Hertzian potential. Within this model the elastic deformation of
the particles against the wall are described in terms of Young’s modulus, bulk
modulus and the Poisson ratio. Chargeable comonomers in the microgel and
charged surfaces add counterion mediated electrostatic interactions to the sys-
tem. In case of non-overlapping the particles interact via a screened Yukawa po-
tential [36]. At a high particle number density at the surface particle overlapping
can occur and additional contributions have to be added to the interaction po-
tential [28]. Moreover, not only the particle-wall interaction but also the interac-
tions between particles determine the layer formation. Attractive capillary inter-
action supports flocculation of the microgel particles immersed in a liquid film.
Steric repulsion due to excluded volume interaction of the soft particle shells and
electrostatic repulsion stabilize the particles against flocculation or even aggrega-
tion [43]. The effective interaction between the microgel particles at a given inter-
particle distance depends on the balance of these three types of interaction and
allows the formation of loosely packedmicrogel arrays [43]. Any desired applica-
tion of microgel particle arrays requires a homogeneous, uniform and, defect-free
particle coating on the substrate. The formation of a homogeneous monolayer is
still a challenging task. The degree of surface coverage depends on several pa-
rameters such as preparation of the silicon substrate, particle deposition tech-
nique, andmicrogel properties. For example, the surface coverage of PNIPAM-co-
AAc particles on silicon substrates depends on the dip coating procedure [85]. Im-
mediately after the dip coating a closed-packed monolayer is observable. Due to
weak particle-substrate interactions washing procedures lead to particle desorp-
tion and lower surface coverage. Beside dip coating also spin coating is frequently
used to prepare adsorbed particle layers [95].

The packing density of the particles can also be controlled by the concentra-
tion of the particle solution and by the spin coating parameters [9]. High concen-
trations support the formation of close-packed monolayers.

Low rotation speeds of a few 100 rpm during the spin coating procedure pro-
mote the particle arrangement in homogeneous monolayers. High rotation speeds
up to a few 1000 rpm can be chosen to formmonolayers of low packing density or
even single adsorbed particles. Depending on the rotation speed adsorption time
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Figure 2: Influence of composition (cross-linker content) and preparation parameters on the
microgel packing at silicon substrates. AFM images (1a)-3a)), their power spectra (1b)-3b)) and
the respective profiles (1c)-3c)) are shown. 1) A regular densely packed layer of PNIPAM
microgel particles. AFMmeasurement was done directly after spin coating at a rotation speed
of 1000 rpm at pH 2. The scan size was 20 𝜇m–20 𝜇m. 2) Example of a regular loosely packed
layer measured after immersion in 0.01M HCl for two days. 3) Regular loosely packed layer of
microgels (5 mol − % BIS) measured according to the procedure of sample 2). The profiles
(1c)-3c)) indicate particle diameters of 480 nm (1c)), 560 nm (2c)) and 680 nm (3c)). Moreover, for
2c) and 3c) particle center-to-center distances of 970 nm and 1250 nm were obtained. [81]

and centrifugation time compete. At low rotation speed the adsorption process
dominates while a large centrifugal force is excerted at high rotation speed. Fig-
ure 2 compares the results of three spin coating routines to generate densely and
loosely packed layers of neutral PNIPAMmicrogels.

Furthermore, the pH of the particle solution also affects the particle adsorp-
tion. At low pH, the particles arrange highly packed while at pH ≥ 6 a decrease in
the packing density occurs. The pH controls the degree of protonation of the AAc
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Figure 3: AFM images of dried PNIPAM-co-AAcmicrogels after spin coating at different rotation
speed and pH. The scan size was 10 𝜇m–10 𝜇m and the scale bar is indicated in image a).
Samples were prepared from dispersions with a concentration of 0.5 wt − %. (a to d) Microgels
were dissolved in 10−3M HCl, (e to h) in 10−3M NaOH. During the spin coating the following
rotation speeds were used: (a, e) 500 rpm, (b, f) 1000 rpm, (c, g) 2000 rpm, (d, h) 5000 rpm.
(Reprinted with permission from [9] with permission of The Royal Society of Chemistry.)

groups and thereby the interparticle interactions. Hence, at pH ≈ 2 the charge-
able groups are mainly protonated. This favours the formation of closely packed
monolayers. The influence of pH and rotation speed is illustrated in Figure 3.

2.1.2 Swelling/deswelling at interfaces

Single adsorbed particles are particularly favourable to study the swelling/
deswelling properties of adsorbedmicrogels. In this situation no inter particle in-
teractionshave tobe considered. The swellingbehavior of individual adsorbedmi-
crogel particles can be detected by means of AFM scanningmeasurements. A first
attempt to model the swelling behavior and the elasticity of adsorbed PNIPAM
microgels was made using a modified Flory-Rehner approach. The modification
is based on the idea to mimic the crosslinker gradient of the particles by dividing
them into a certain number of slabs; each slab having a different cross-linker den-
sity growing continuously from the interior to the particle surface. This approach
allowed to describe the swelling curves and the temperature dependent change
of Young’s modulus [21] (see also Section 3).

Asmentioned above, numerous neutron scattering experiments were done to
study neutral and ionic microgel dispersions and also on macrogels. Given the
appropriate height of a microgel film in the swollen state also surface sensitive
scattering techniques such as neutron reflectometry and grazing incidence small
angle neutron scattering (GISANS) can be used to investigate thin films of micro-
gel particles. GISANS measurements indicate a confinement effect on the volume
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phase transition of the adsorbed microgel particles. The correlation length of the
fluidlike thermal network fluctuations remains constant within the precision of
the experiment and does not diverge at the VPTT. This surprising observation is
in contrast tomany SANS experiments onmicrogel dispersions and illustrates the
effect of the solid substrate on the polymer network ∘C properties. Nevertheless,
the particle films still shrink and swell reversibly in the adsorbed state [105].

Like in bulk phase several physical parameters affect the swelling/deswelling
behavior ofmicrogel particles.Here, their influence is briefly discussed. Note, that
the same parameters can also determine the particle surface interaction during
the adsorption process.

Temperature
In bulk phase the sample temperature is the most important stimulus to in-
duce phase transitions of responsive acrylamide based microgels and copoly-
mer microgels. For microgels arranged in layers AFM and ellipsometry mea-
surements demonstrated the conservation of this responsivity in the adsorbed
state [21, 41, 57, 95].

In the case of copolymerized particles the thermoresponsivity is also con-
served but highly linked to composition parameters and other responsivities (pH,
ionic strength). These parameters become mutually dependent due to their effect
on the swelling/deswelling behavior, the two dimensional packing, and the par-
ticle adhesion to the surface. Therefore, thermoresponsivity has to be discussed
in relation to the composition parameters and additional responsivities (pH, ionic
strength, cononsolvency [80]).

Comonomer and cross-linker content
A two step phase transition in bulk phase was reported for microgel parti-
cles copolymerized with anionic comonomers such as AAc and allyl acetic acid
(AAA) [6, 54]. The first VPT at around 32 ∘C occurs during the collapse of the
PNIPAM-rich domains and the second VPT at around 45 ∘C is attributed to the col-
lapse of the AAc-rich domains. The second transition is more pronounced at high
comonomer contents (10–20mol − %). Other studies report only a single step
transition [3, 93]. However, in the adsorbed state only one VPT was observed for
these microgels [6]. This observationwas interpreted as the formation of PNIPAM-
rich and AAc-rich domains within the particles. At the surface both domains are
interlaced. Instead of two VPTs only a single but shifted VPTT was observed.
With increasing AAc content the VPT shifts to higher temperatures up to around
45
∘
C for anAAc content of 20mol − %. Similar observations onPNIPAMparticles
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copolymerized with vinyl acetate [41] support the interpretation of a broadening
of the VPT due to structural inhomogeneities inside the particles. Moreover, the
VPTT can be controlled by the incorporation of co-monomers. This was shown
for several systems, e.g. for PNIPAM-PNIPMAM particles where the PNIPAM-to-
PNIPMAM ratio controls the VPTT [12]. A similar approach was used by Wedel et
al [103].

Also the cross-linker density serves as tuning parameter of the particle prop-
erties. Spin coated layers of PNIPAM-co-AAc microgel particles at solid substrates
with a low cross-linker content (typically, 2mol − %) show a sharp VPT, while
highly cross-linked particles (typically, 10–20mol − %) have a broader VPT [82,
84]. Similar observations were made in the bulk phase [54]. The cross-linker con-
tent also influences the homogeneity of the particles. Highly cross-linked particles
exhibit an irregular inner structure compared to the lowly cross-linked particles,
due to the random incorporationof the cross-linker. Thus, theparticle collapsenot
uniformly indicated by a broad VPT. Only the particle size of less cross-linked par-
ticles shows hysteresis effects during swelling/deswelling cycles [7]. The hystere-
sis is attributed to the formation of intraparticle entanglements. They are formed
during the particle deswelling and lead to a compact polymer network. That re-
duces the swelling ability and the particle size.

pH and ionic strength
In the following, the response of microgels to changes of pH and ionic strength is
discussed. PNIPAM-co-AAc particles were used to study the response to changes
of the pH of particles adsorbed on a positively charged substrate [64]. At increas-
ing pH first the particle size decreases while the particles subsequently reswell
at very high pH. At intermediate pH, the charge density of the particles increases
due to deprotonation of the AAc groups. This strengthens the electrostatic attrac-
tion between substrate and particles and the particle size decreases. When the
AAc groups are fully deprotonated the osmotic pressurewithin the particles yields
a reswelling of the particles. In contrast to this, in bulk phase only the latter effect
occurs. At inceasing charge density the particle size increases due to an increase
in repulsive interaction.

The rather complex interplay between substrate charge and particle pH was
observed for PNIPAM-co-AAc microgels adsorbed on PSS/PAH multilayers using
PAH as terminal layer [112]. At low pH the height of the adsorbed particles is larger
compared to the height at highpH. Also the lateral dimension of the adsorbed par-
ticles is affected. It is larger at high pH compared to the width at low pH. The elec-
trostatic attraction between the negatively charged particles and the positively
charged surface flattens the particles and enlarges their width.
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A rise in the ionic strength results in charge screening and weakens the elec-
trostatic attraction between particle and surface. This promotes an increase of
the particle size. In bulk phase the opposite effect was observed. A gain in ionic
strength reduces the particle size due to the reduced osmotic pressure within the
particles.

Cononsolvency
The co-nonsolvency effect describes the phenomenon that mixtures of two good
solvents for PNIPAM like e.g. H

2
O and CH

3
OH become a bad solvent. Hence,

upon addition of small amounts of methanol to water microgels shrink [79, 80,
114]. This cononsolvency effect is also observed in solutions of linear PNIPAM
chains [107]. Theoretically, it is described by the clathrate model taking into ac-
count the solvent-solvent and solvent-polymer interactions [31]. Water and or-
ganic solvent molecules interact and form a clathrate structure [69]. Thus, water
molecules are expelled from the polymer. A stronger polymer-polymer attraction
results and consequently, the microgels collapse. A high organic solvent content
destroys the clathrate structure and both, water and organic solvent molecules
interact with the polymer and the particles swell again.

Another approach for the explanation of this phenomenon is the competitive
adsorption model. It assumes a competition between water and organic solvent
molecules in the formation of hydrogenbondswith the polymer network [98]. This
model neglects solvent-solvent interactions.

The cononsolvency effect of PNIPAMparticles differs between bulk phase and
the adsorbed state. Recently, a pronounced shift of the particle sizeminimumdue
to cononsolvency was observed towards higher organic solvent content for ad-
sorbed particles when compared to bulk phase [76]. In bulk phase the size min-
imum occurs at an organic solvent content of around 20%, and in the adsorbed
state at an organic solvent content of around 50%. It is assumed, that the par-
ticles exhibit an increased water/organic solvent ratio within the particles due
to the particle reimmersion after the spin coating process. To remove the water
molecules and initialise the particle shrinking a higher organic solvent content is
then needed. Confinement effects on cononsolvency effects was also observed for
microgels in an etalon [35]. Formicrogels in an etalons the VPTwas observed at an
organic solvent content of 80%, while in bulk phase no temperature effect occurs
beyond an organic solvent content of 65%. The VPTT of the particles decreases
with increasing organic solvent content in the mixture. So far, it is unclear why no
shift in VPTT was observed in the etalon, while AFMmeasurements show a clear
shift of cononsolvency effect in terms of minimum in particle size.



Responsive Microgels at Surfaces and Interfaces | 1235

2.2 Microgel particles at liquid interfaces

Fluid interfaces play an important role in living systems and in industry. Typical
examples for liquid-liquid interfaces are emulsions. Emulsions are dispersions of
two immiscible liquids like oil andwater. Emulsions are kinetically stabilized sys-
tems. In contrast to thermodynamically stable microemulsions they are of limited
lifetime. Energetically, the formation of emulsions is not favored and mechan-
ical energy has to be applied to force the formation. As a consequence, emul-
sions break and phase separation occurs. The addition of amphiphilic compo-
nents such as surfactants or solid particles stabilizes emulsions and slows down
this rupture process. Particle stabilized emulsions are called Pickeringemulsions.

However, the increasing understanding of variousmicrogel systems and their
bulk phase properties raised the question if they can be used for emulsion
stabilization. Recently, liquid interface research developed towards the use of
smart microgels and microgel-hybrids as stabilizing agents for Pickering emul-
sions [65, 66]. This is due to the possibility to transfer the stimuli responsivity of
the microgel to the emulsion which allows to switch off the stability on demand.
Usually, rigid particles are used for stabilization and the influence of particle size
and composition on emulsion stability and emulsion functionality are well ex-
plored [2]. The adsorption of particles to an oil-water-interface leads to a free en-
ergy reduction. In the caseof nanoparticles this energy is of theorder of𝑘

B
𝑇which

leads to dynamic adsorption at the interface. Particles of micrometer size show
a strong confinement to the interface due to the much higher energy gain up to
104𝑘
B
𝑇. [77]

The decrease of the free energy is determined by the particle size and and the
wettability of the particle surface. Ameasure of the wettability is the contact angle
given by the balance of the particle-oil interfacial energy, the particle-water and
oil-water interfacial energy. The driving force for the adsorption is the reduction
of interfacial tension between all phases.

Knowledge and control of the parameters determining the emulsion stability
are required to change the stability on demand. That is a prerequisite for a se-
ries of envisioned applications of these systems. For the investigation of micro-
gel interfacial properties in emulsions and at two-dimensional air-liquid inter-
faces experimental techniques such as dynamic surface tension measurements,
surface dilatation rheology using the oscillatory pendant drop method, and cryo
SEMmethods are used. Resolving the three-dimensional position of themicrogels
is now possible by using the recently developed freeze-fracture shadow-casting
cryo-SEM (FreSCA) method [75]. Additionally, optical methods allow the investi-
gation of the microgel mobility in dependence on microgel composition, particle
number density in the interface and particle packing.
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Figure 4: Cryo-SEM images of dodecane drops covered by microgel particles: (a) large view of
a drop (scale bar is 5 mm) and (b) hexagonal organisation of microgels at the interface (scale
bar is 1 mm). In this case it can clearly be seen that the microgels are flattened at the interface.
(Adapted from [16] with permission of The Royal Society of Chemistry.)

In experiments with microgels of different composition it was found that
charges are not necessary for efficient adsorption. The emulsion stability is not di-
rectly influenced or supported by charges and electrostatic interaction. Moreover,
it was shown that the viscoelastic properties of the microgel particles are most
likely determining the emulsion stability. Experiments with PNIPAM based and
methacrylic acid copolymerized (PNIPAM-co-MAA) microgel particles showed
high stability of the formed oil-in-water emulsions at pH≥ 6 and temperatures be-
low the VPTT.At lower pHand increased temperatures the stability is reduced and
the emulsions break. FrompHdependentmeasurements of the interfacial tension
as a functionof timeandcryoSEMmeasurements a densepackinganda reduction
of the interfacial tension at lowpHwas found. Cryo SEM imaging is a powerful tool
for the investigation of the microgel distribution and morphology at liquid inter-
faces. This is shown in Figure 4. At high pH cluster formation at the interface was
observed [5]. These measurements were accompanied by two-dimensional dilata-
tion rheology measurements revealing a strong contribution of the viscoelastic
properties. At high pH a high elastic modulus due to an elastic behavior of the
microgel clusters at the interface was found. Due to the dense packing at low pH
a brittle interface is created leading to a low elastic modulus.

A series of experiments studied the interfacial behavior of microgel parti-
cles. Comparative studies on the compressibility of charged and neutral microgel
monolayers by measuring the compression isotherms using the Langmuir trough
method revealed that the internal structure of the individual microgel particles
might determine the compression behavior depending on the surface concentra-
tion [13, 27, 75, 77]. The presence of charges indirectly influences the film com-
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Figure 5: Scheme of microgel particles adsorbed to an oil-water interface. The polymer density
profile at the interface is sketched for (a) large and (b) small microgels, the effect of the
cross-linking density (c and d) as well as the effect of process parameters (stirring, temperature
or energy) (e and f). (Reprinted with permission from [15]. Copyright (2014) American Chemical
Society.)

pressibility. Since chargedmicrogels aremore swollen thanneutralmicrogels they
also show a larger compressibility than neutral microgels.

Due to their softness a deformed and flattened particle structure is observed
at the interface. In Figure 5 the flattening effect is schematically shown for differ-
ent parameters influencing the adsorption behavior at the interface. Smaller par-
ticles are found to be more mobile at the interface. They easier rearrange which
supports the emulsion stability under mechanical stress [17]. As a direct and pe-
culiar result of their soft structure at the interface microgels have a lense-like or
even “fried-egg” type structure. Therefore, the emulsion stability can be tuned
by the cross-linker content of the microgels where at low cross-linker contents
a high compressibility is achieved. The interfacial tension of the microgel inter-
facial layer between oil and water was measured with the pendant drop method.
Compared to hard particle interfaces the interfacial tension was stronger reduced
by the presence of the soft microgel particles.

Based on optical microscopy the optical contrast between microgel particles
and the surrounding media the Brownian motion of microgel particles at the air-
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water interface was studied. This contrast allows tracking the two-dimensional
mean-square displacement of two particles in a wide range of particle number
densities at the surface [17]. At low concentrations (5 × 10−3 wt − %) stable dif-
fusing clusters are formed. At high concentrations (≫10−2 wt − %) the interface
is highly filled with particles and the mobility is strongly reduced and arrested
Brownian motion is observed.

Water is the preferred dispersion medium of microgels and typically, oil-in-
water emulsions are formed [83].With polar oils of a certain affinity to the polymer
network also water-in-oil emulsions can be formed. That was recently shown for
an octanol-water system stabilized by PNIPAM-co-MAAmicrogel. Thesemicrogels
can take up the octanol and swell. Hydrogen bonding between polymer segments
and octanol is discussed as an influence on the amphiphilicity and deformability
of the microgel particles. Moreover, it seems, that the interaction between oil and
polymer w/o emulsions are not thermoresponsive and remain stable above 50 ∘C.
The formation of water-in-oil emulsions was demonstrated and requires more in-
vestigations.

Further investigation of the correlation between microgel swelling/deswell-
ing, its elasticity and deformability and a controlled stability is required. Ad-
ditional studies of two-dimensional air-liquid interfaces will provide deeper in-
sights in the particle dynamics at the interfaces and correlations between surface
mobility, mutual interaction, interfacial packing and emulsion stability.

3 Mechanical properties
In Section 2.1 the differences in swelling/deswelling of microgels in the adsorbed
state and in bulk phase are discussed. These findings indicate the necessity of
a deep understanding of the mechanical properties of adsorbed microgels. This
allows to tune the mechanical properties during their synthesis. Afterwards, de-
pending on the composition these properties are fixed and canhardly be changed.
For the study of microgel mechanics AFM is as a powerful tool. Beside the mea-
surement of film topographies it allows the determination of adhesion energies,
elastic moduli and other contact phenomena at surfaces [20]. Force measure-
ment on these soft objects is rather challenging since it has to be performed
in wet conditions in temperature-controlled liquid cells. Moreover, experimen-
tal parameters like AFM tip geometry, material and force impact have to be con-
sidered [106]. Figure 6 shows the concept of force-distance curve measurements
on well separated adsorbed single microgel particles. This method is usually ap-
plied to measure the mechanical properties of microgel particles. The AFM tip is
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Figure 6: a) Scheme of a force-indentation curve at constant temperature. b) Three indentation
regimes are distinguishable. During the approach to the particle no change in force occurs. At
the contact point between tip and particle the indentation is 0. At further approach the tip
indents into the particle. In this regime the force-indentation curve is obtained. c) From these
data the Young’s modulus can be calculated, e.g. by applying the Hertzian model. By repeated
measurements at different temperatures the temperature dependence of the Young modulus
during particle deswelling is obtained.

indented into the polymer surface with forces in the pN range up to a few nN.
Such forces correspond to indentations up to about 100 nm. But also larger ap-
plied forces and larger identation depthswere reported. The indentation results in
a change of the cantilever deflection. This effect is used to measure force-distance
curves [19, 21, 104]. The Young’s modulus of the sample is then calculated from
the slope of the force-distance curve by applying the Hertzian model. This model
is valid for infinite and incompressible polymer films. To determine the particle
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stiffness information about penetration depth, contact area between indenter and
polymer matrix, and the Poisson’s ratio are required [1, 20]. In a continuing ap-
proach the height of the polymer film was taken into account to obtain realistic
elasticities [18].

It was observed, that the stiffness strongly depends on the particle morphol-
ogy. A high stiffness occurs in the highly cross-linked core region of the particle
while the lowly cross-linked shell ismuch softer.Moreover, a comparisonof elastic
moduli of PNIPAM particles in dry and wet state reveals a decrease of the parti-
cle stiffness by two orders ofmagnitude upon swelling in water [97]. Furthermore,
temperature, microgel composition, and pH and ionic strength also affect the mi-
crogel mechanics. In the following this is discussed in more detail.

Influence of temperature
Typical values of the elasticmoduli range from a few 10 kPa in the particle apex at
temperatures below the VPT up to a fewhundred kPa in the core region at temper-
atures above the VPT. Close to the VPT a dramatic softening of the particles down
to moduli of a few kPa was reported [32]. Applying the indentation method gave
higher values of the VPTT compared to methods like AFM, ellipsometry, and DLS.
The shift of the VPTT was explained by the core-shell like character. At increas-
ing temperature first the particle core shrinks. This leads to a decrease in parti-
cle volume. During this shrinking the particle stiffness remains constant. Further
temperature increase induces the collapse of the particle shell and an increase of
the particle stiffness [85]. Typically, the elastic moduli rise by a factor between 5
and 10.

Influence of cross-linker
The cross-linker content not only affects the particle morphology but has also an
effect on the elastic moduli above the VPTT. This was observed for PNIPAAm and
poly(acrylamide) (PAAm)microgels [60] but also for PNIPAM-co-AAc particles [9].
The number of chemical cross-links is related to the network flexibility and there-
fore it directly affects the particle stiffness. Particles with a low cross-linker con-
tent have a low stiffness compared to highly cross-linked particles. For example
this effect was measured in a cross-linker content variation series of PNIPAM par-
ticles of a fixed AAc content [9].
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Influence of comonomer
The stiffness of PNIPAM-co-AAc decreases extremely compared to pure PNIPAM
particles, which was explained by electrostatic repulsion within the PNIPAM-co-
AAc during synthesis. This leads to larger andmore fluffy particles. The incorpora-
tion of comonomer not only leads to a decrease in the particle stiffness but also to
a stronger increase in the VPTT from imaging to indentation measurements. The
effect of comonomer incorporation on the mechanical properties was studied on
PNIPAM-co-AAc particles below and above the VPTT [9, 106]. For example, inden-
tation measurements on pure PNIPAM particles and highly charged PNIPAM par-
ticles (AAc content: 20%) [9] were done. Below VPTT the particle stiffness is due
to the swollen nature of the particles. Above the VPTT, up to 15-fold increase in the
Young’s modulus of the copolymerized particles occurs. This is in agreement with
other observations indicating a larger particle stiffness in the deswollen state.

Influence of pH and ionic strength
In bulk phase and in the adsorbed state the swelling/deswelling of copolymerized
microgels can be tuned by changing ionic strength or pH. This raises the ques-
tion, how these parameters influence the mechanical properties in terms of the
elastic moduli. High ionic strength screens the particle charge and the swelling
is reduced. Consequently, the particle stiffness increases. Similar behavior is ob-
served during the variation of the pH. Below the pK

a
the chargeable groups inside

PNIPAM-co-AAc microgels are protonated. A compact and stiff particle structure
results. At high pH of about 5 to 6 these particles are highly charged and a lower
particle stiffness was found. [108].

Although the shift between VPTT of elastic measurements and bulk measure-
ments is interpreted by the core-shell structure this explanation is not completely
satisfying and further investigations are required.

4 Microgel superstructures at solid surfaces
Since microgels combine properties of soft repulsive and hard spheres their pack-
ing properties are between hard spheres and ultra-soft colloids [36]. They have
a rich phase behavior as a function of the effective volume fraction 𝜙

eff
. Due to

the softness of the microgel particles the volume fraction can be larger than the
volume fraction of a hard sphere suspension of same concentration and size. Mi-
crogel glasses and crystals canbe formed and exhibit unique properties. This type



1242 | S.Wellert et al.

of superstructures is beyond the scope of this review and for further information
about these aspects of microgels we refer to the literature [33, 61, 70].

As discussed above microgels can be arranged in monolayers of different
packing densities at solid surfaces, in particular in densely packed ordered two-
dimensional layers. In combinationwith neutral polymers or polyelectrolytes also
vertical control to the surface is obtained andmicrogel multilayers can be formed
in a controlled way. A lateral control is given by the use of templates, e.g.wrinkled
surfaces that allow microgel ordering in one dimension.

4.1 Multilayer structures

The concept of the layer-by-layer technique of alternating layers of oppositely
charged polymers is routinely used to generate polyelectrolyte multilayers. This
method can also be used to formmultilayered films of microgel particles by using
cationic polymers and microgels with incorporated chargeable polymer groups.
For example, by combining PNIPAM-co-AAc microgels with poly(allylamine hy-
drochloride)(PAH) thermoresponsive and pH sensitive layer structures are pro-
duced [87]. Suchmultilayered films were characterized by a variety of experimen-
tal techniques, such as quartz crystal impedance and microgravimetry, surface
plasmon resonance and AFM imaging in dry and liquid environment e.g. [88, 95].
Even in such multilayer architectures, the sensitivity of the individual microgel
particles and the reversibility of the responsive behavior remain. Together with
a remarkable mechanical stability this inspires studies on self-healing effects in
microgel multilayer structures based on hydration and reswelling [58] and the use
of microgel multilayers as host media for a controlled drug release.

4.2 One-dimensional ordering of adsorbed microgel particles

Great efforts are being made to establish lithography-free methods to assemble
functionalized nanoparticles into ordered anisotropic structures of macroscopic
dimension. Many approaches are based on the use of templates to generate or-
dered structures. A recent approach is the use of wrinkles which develop when
a system made of a thin rigid layer on top of an elastic material buckles under
applied stress. Recently, the linear arrangement of different types of microgel par-
ticles was achieved. One approach uses core-shell microgel particles containing
a silica or silver nanoparticle core in a soft poly(N-isopropylacrylamide) shell [62,
63]. This is shown in Figure 7. Tuning of the soft shell properties provides con-
trol over the inter-particle distance. UV/VIS spectroscopy measurements demon-
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Figure 7:Wrinkle assisted one-dimensional ordering of core-shell microgel particles.
(Reproduced from [62] with permission of The Royal Society of Chemistry.)

strated that such arrays show optical anisotropy due to the optical coupling of the
silver nanoparticles. This is a first step towards linear assemblies of hybridmicro-
gels with a stimuli-controlled tuning of the inter-particle distance and thereby the
macroscopic optical properties of such structures. They might be a basis for the
developmentof photonwaveguides. Furthermicrogel systemsunder investigation
are N-vinyl-caprolactam/acetoacetoxyethyl methacrylate (VCL/AAEM) and N-
isopropylacrylamide/N-vinylcaprolactam (NiPAAm/VCL). Experiments on these
systems showed different behavior for linear arrangements due to differences in
the deformability of rather hard (VCL/AAEM) and rather soft (NiPAAm/VCL) mi-
crogel particles. The softness of the microgel and the size of the wrinkles in the
template influence the linear arrangement. [37, 38]Additionally, transfer toplanar
solid substrates and cross-linking of the adsorbed particles by UV-illumination
lead to the formation of anisotropic particle architectures. Hence, the reported
pathways demonstrate that wrinkle assisted microgel assembling is a promising
approach towards the controlled formation of arrays of linearly arranged parti-
cles.

5 Applications
The possibility to arrange microgel particles of various composition into ordered
one- and two-dimensional arrays inspires a series of technological applications
in the field of soft nanotechnology utilizing their stimuli-responsive behavior. Re-
cent activities focus on the use of microgel particles in life science, in particular
biotechnical and medical applications. In nanooptics, microgel particles in com-
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bination with metal nanoparticles or layers are studied as building blocks for op-
tical devices. Moreover, the fast stimuli-responsivity of microgel particles might
allow their use as sensors or switches.

Knowledge about the mechanical properties of adsorbed microgels on the
nanometer length scale is important for understanding of themechanical interac-
tion between themicrogels and their environment. They are also used as additives
in paint and to support the orientation of metal pigments. Microgels at liquid in-
terfaces gain interest in the formation of switchable soft particle stabilized Pick-
ering emulsions which could decrease the use of environmentally incompatible
surfactants. In this respect they belong to the group of colloidosomes [86]. If bio-
compatible microgels are available such Pickering emulsions become promising
systems for food, cosmetics, and oil recovery. Capsule formation can also benefit
from the unique properties of soft microgels at liquid interfaces [42].

In the following, we focus on activities to use microgel particles in biotech-
nical and medical applications and as building block in nanooptics and sensor
design.

5.1 Biotechnical and medical applications

One goal of current biotechnological andmedical research activities is the search
for stimuli-responsive and biocompatible host and carrier media for a dedi-
cated and controlled drug release on demand. The use of hydrogel particles of
colloidal size in volume phase and as surface coating is a possible approach.
PNIPAM based materials serve as model systems due to the well-characterized
swelling/deswelling behavior and the detailed knowledge about structure and
physical properties. However, polymer materials based on this polymer will have
limited applicability due to its cytotoxicity when exposed to living cells at temper-
atures above the VPTT.

Insulin loaded microgel particles have been assembled into multilayer struc-
tures made of microgel particles and polyelectrolyte by layer-by-layer assembly.
Temperature variation repeatedly induces an expulsion of the therapeutic macro-
molecule from the film [68]. A similar approach was used to study the uptake
and release of doxorubicin from assemblies made of alternating PNIPAM-co-AAc
microgel and poly(allylamine hydrochloride) layers [89]. Quartz crystal micro-
gravimetry and UV-vis spectroscopy were used to demonstrate temperature de-
pendent loading and release properties.

Surface coatings are also studied to improve the performance of implants
such as neural electrodes. Here, reduced protein adsorption and inflammation
are desired and current studies explore the applicability of microgel coated ma-
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terials for this purpose [30]. Moreover, polyelectrolyte-mediated cross-linking of
PNIPAM-co-AAc microgel films at Au coated substrates can resist large forces
compared to their own mass and actuate in response to humidity [47]. Due to
this macroscopicmechanical response such devices are envisioned as responsive
polymer based materials for soft robotics and artificial muscles.

In biotechnology there is an increasing need for materials that allow control
and adjustment of cell adhesion. Electrostatically adsorbed PNIPAM microgels
were used to study cell adhesion to and detachment from the microgel film an-
chored by a pre-coating of Poly(ethyleneimine) onto a glass coverslide [85]. This
type of attachment is promising for various substrates, since many inorganic and
organic surfaces can either be coated with PEI or other polyelectrolytes. It was
shown that cell adhesion andproliferation is supported at temperatures above the
LCST of the microgel layer and detachment can be induced in a non-invasive way
by lowering the temperature below LCST and rinsing the slides. Additional stud-
ies showed that by addition of nonadsorbing free polymers to adsorbingmicrogels
the surface topography of the adsorbed film and regions and the inter-particle at-
traction can be tuned. This is directly related to cell adhesion and influences cell
spreading and cell morphology [56] even at micropatterned surfaces [100].

The resistance to protein adsorption of poly(ethylene glycol) (PEG) cross-
linked PNIPAM-co-AAc microgels can also easily be spin-coated onto various ma-
terials which makes them promising for non-fouling base coating for biomedical
implants [4, 68].

5.2 Optical devices, sensors and switches

Despite the small refractive index difference between microgel particles and sur-
rounding solvent these particles are discussed for applications in optical devices
aiming at an use as sensors or as photonic materials. Here, different concepts
are applied. For example, direct adsorption of microgel particles is discussed
as a route to form microlens arrays that can detect specific protein adsorption.
This has been shown by the use of bright field optical microscopy with biotin-
functionalized hydrogel microlenses which allows to assay avidin and polyclonal
anti-biotinusingabrightfield opticalmicroscopy. Theunderlying idea of theassay
technology utilizes the ability to determine the presence of an expected protein by
monitoring the focal length of themicrolenswithout the need for covalent tagging
of the protein of interest [53].

Sandwich-type structures of PNIPAM microgels between two thin planar
metal surfaces are shown to act as etalons. Due to the temperature responsiv-
ity of the microgel particles the distance between the surfaces can be adjusted
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and the transmittable optical wavelength becomes tunable. Measured reflectance
spectra from such etalons show multiple peaks at various wavelengths for given
refractive index and metal layer separation distance. Additionally, the maximum
reflectance wavelength shifts as a function of temperature. Moreover, the chosen
preparation technique has an influence on the homogeneity of the optical perfor-
mance, e.g. [44, 48, 94, 101, 102, 113].

Core-shell microgel particles composed of a metallic nanoparticle core and
a thermoresponsive PNIPAM shell can serve as polymer building block for two-
dimensionalnanoparticle arrays [50]. Theparticles areplacedat a surfaceby spin-
coatingor convective assembly. Thermal annealing removes thePNIPAMshell and
a well-ordered array is obtained. The interparticle distance is tunable by the shell
thickness. The surface plasmon resonance of the nanoparticles is still observable
in the array [49].

6 Summary and future perspectives
In recent years PNIPAMbasedmicrogelswere investigated in the adsorbed state as
individual particles or as stimuli-responsive coating at solid surfaces. Increasing
understanding of microgel-substrate interaction allows to control the assembly
of different architectures, such as linear arrays, closely packed two-dimensional
thin films, polymer-microgel multilayer structures and the functionalization of
these architectures. The fast response to external stimuli (temperature, pH, ionic
strength) is conserved in the adsorbed state. However, the adhesion to a substrate
changes the responsivity with respect to the corresponding effect in bulk phase.
A mutual dependence of physical parameters exists since they determine the
swelling/deswelling behavior and the adhesion process at the same time. In this
respect, not all experimental observations are fully explained. For example, a dif-
ference in the VPTT exists for AFM scanning and indentationmeasurements. This
observation was discussed as an effect of the inhomogenous microgel structure.
However, this interpretation requires more experimental examination. A confine-
ment effectwas also observed in caseof the cononsolvency induced volume phase
transition. In the adsorbed state the transition is shifted to larger solvent contents
and was explained as surface effect on the solvent exchange. So far, only rare ex-
perimental work is available on this topic and further studies are needed.

In addition to adsorption at solid surfaces interfacial properties of microgels
at liquid-air and at liquid-liquid interfaces were studied. In these studies peculiar
differences to solid surfaces, bulkphasebehavior, and the interfacial performance
of simple amphiphileswere found. Theability ofmicrogels to stabilize oil-in-water
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and, in some cases, water-in-oil emulsions lead to an increasing interest in con-
trolled and switchable stability of microgel stabilized emulsions.

It is conceivable that the researchactivities brieflydescribed in this reviewwill
continue. With respect to applications, the incorporation of polymers with new
functionalities might become more important. In case of biotechnical and medi-
cal applications a replacement of PNIPAM is desirable. The application of NIPAM
in these fields is limited since it is carcinogenic and teratogenic. Here, more bio-
compatible polymers such as poly(ethylene glycol) might becomemore important
for real applications which will strongly benefit from the fundamental research
done on PNIPAM based systems but might also inspire further fundamental re-
search on these new systems. That would allow to relate and compare the results
obtained from the different polymer systems.
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