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Colloid Chemistry has always been an integral part of several chemical disciplines. Ranging from
preparative inorganic chemistry to physical chemistry, researchers have always been fascinated in
the dimensions and the possibilities colloids offer. Since the advent of nanotechnology and analytical
tools, which have evolved across recent decades, colloid chemistry or “nano-chemistry” has become
essential for high-level research in various disciplines.

The contributions to this Special Issue cover most of the important aspects: choice, design and
synthesis of building blocks; preparation and modification of gel and colloidal structures; analysis and
application as well as the study of physical and physicochemical phenomena. Most importantly,
the contributions connect these aspects, relate them and present a comprehensive overview.

Small molecules can act as gelators as well as polymers or colloids. The chemical structure of these
building blocks defines the interactions between them and thus the structure and properties of the
macroscopic material. Malo de Molina et al. [1] present a comprehensive review of colloidal structures
generated by self-assembly of amphiphilic molecules. Assemblies of small molecule surfactants
as well as amphiphilic polymers in water can form hydrogels. The resulting morphologies are
discussed and routes to gelation are described. Latxague et al. [2] show a synthetic approach towards
a bolaamphiphile based on structures found in living nature. Based on thymidine and a saccharide
moiety two hydrophilic groups are linked symmetrically to a hydrophobic spacer via click chemistry.
Carbamate groups contribute to gel properties with supramolecular hydrogen bonding.

Gels obtained from polysaccharide or other natural polymers were reviewed by Karoyo and
Wilson [3] and del Valle et al. [4]. These materials hold great promise for application in food,
cosmetic, biomedicine, pharmaceutical sciences but also for technical applications as e.g., catalysis.
Tailored properties are required for all of the mentioned applications, thus the possibility to control
properties such as stability, dimension and response to external stimuli is paramount. Karoyo and
Wilson discuss supramolecular interactions leading to host-guest systems and present methods for
structural characterization. In addition to the biomedical prospects of peptide-based hydrogels,
del Valle et al. point our approaches to molecular imprinting and 3D bioprinting.

The formation of gels from colloidal structures is presented by van Doorn et al. [5] and by
Hijnen and Clegg [6]. While van Doorn et al. studied the behavior of surface functionalized spherical
nanoparticles, Hijnen and Clegg studied the behavior of sphero-cylinders in dispersion. Van Doorn et al.
functionalized the surface of colloidal particles with a surface-initiated Atomic Transfer Radical
Polymerisation (ATRP) technique. They used N-isopropylacrylamide (NIPAAM) for generating a
thermoresponsive polymer corona on the particles. The gelation and gel properties were studied in
dependence of grafting density, chain length and temperature. It is shown how sophisticated particle
design allows for the controlling of macroscopic bulk properties. Hijnen and Clegg point out the
interesting features that non-spherical particles exhibit in dispersions of various volume fractions.
They present trigger-induced phase separation as a convenient tool for the generation of percolating
particle networks.

Two dimensional structures created from colloidal particles are presented by Bähler et al. [7].
Colloidal monolayers with tunable interparticle spacing present valuable starting materials for
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several applications, such as the generation of plasmonic substrates. There is, however, the difficulty
of removing such monolayers from the interface without disturbing their position and order.
The contribution presents three ways of embedding the monolayer in a polymeric film, creating
a colloid containing membrane, which can easily be removed from the interface.

Non-spherical particles are also used by Cohen et al. [8]. The authors prepared suspensions of
fluorescently labelled photo-crosslinkable polymethylmethacrylate (PMMA) spheres. The dynamics
and structure of these suspensions were thoroughly studied by dynamic light scattering (DLS) and
the recently developed technique of confocal differential dynamic microscopy. The same techniques
were used for the study of ellipsoidal particles, which were created by stretching the above mentioned
PMMA spheres.

The preparation and application of spherical assemblies, so-called supraparticles, aided by
superhydrophobic surfaces, were reviewed by Sperling and Gradzielski [9]. They point out that such
complex structures can conveniently be prepared, when dispersions are evaporated in a controlled
manner, ideally on superhydrophobic surfaces. The authors comprehensively present and evaluate the
enormous possibilities of the technique for controlling shape, interior and functionalities. Finally, they
outline several potential applications ranging from biomedical applications to self-propelled particles.

Understanding how the structure of colloids or gels affects the microscopic or macroscopic
properties is essential for rational material design. Starndman and Zhu [10] show how the performance
and the properties of self-healing dynamic gel structures is affected by supramolecular interactions in
gel materials and in which way the tailoring of interaction controls the properties. The authors also
point towards potential applications of these materials e.g., in biomedicine. Transport phenomena
in gel networks are reviewed by Tokita [11]. Regarded as solvent stabilized by a polymeric network,
small molecule transport is governed by diffusion, viscosity, and the solvent flow as well as by the
resistance imposed by the polymer network.

Strzelczyk et al. [12] used modified poly(ethylene glycol) (PEG)-based microgels for studying
adhesive processes and quantifying adhesion energies. The functionalized microgels were brought
into contact with functionalized glass slides. The complementary functionalization lead to stronger
adhesion as without functionalization. The magnitude of adhesion was calculated with the contact
areas, obtained by interferometric measurements. Two examples from biomedicine, antibody
recognition, and laundry, release of soil polymers, showed that this platform is a versatile and
convenient sensor for measuring adhesion properties.

The breadth of the contributions underlines the significance of colloid chemistry for a variety of
disciplines. Enjoy reading!
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Abstract: Gelation in water-based systems can be achieved in many different ways. This review
focusses on ways that are based on self-assembly, i.e., a bottom-up approach. Self-assembly naturally
requires amphiphilic molecules and accordingly the systems described here are based on surfactants
and to some extent also on amphiphilic copolymers. In this review we are interested in cases of low
and moderate concentrations of amphiphilic material employed to form hydrogels. Self-assembly
allows for various approaches to achieve gelation. One of them is via increasing the effective volume
fraction by encapsulating solvent, as in vesicles. Vesicles can be constructed in various morphologies
and the different cases are discussed here. However, also the formation of very elongated worm-like
micelles can lead to gelation, provided the structural relaxation times of these systems is long enough.
Alternatively, one may employ amphiphilic copolymers of hydrophobically modified water soluble
polymers that allow for network formation in solution by self-assembly due to having several
hydrophobic modifications per polymer. Finally, one may combine such polymers with surfactant
self-assemblies and thereby produce interconnected hybrid network systems with corresponding
gel-like properties. As seen here there is a number of conceptually different approaches to achieve
gelation by self-assembly and they may even become combined for further variation of the properties.
These different approaches are described in this review to yield a comprehensive overview regarding
the options for achieving gel formation by self-assembly.

Keywords: gels; self-assembly; surfactants; amphiphilic polymers; rheology; colloids; micelles;
microemulsions; vesicles

1. Introduction

Self-assembly of amphiphilic molecules in solution can lead to a large variety of different colloidal
structures [1], where these structures can have a profound effect on the macroscopic properties of these
solutions. In this review we will, in particular, focus on systems which form gels by self-assembly of
corresponding amphiphilic compounds. Of course, at very high concentrations all amphiphilic systems
will form gel-type structures simply due to dense packing, where typically very stiff hexagonal, cubic
or lamellar phases are formed [2,3]. However, we will explicitly not discuss such liquid crystalline
phases of dense packing, but rather, focus in our review on more dilute systems in which basically the
self-assembled structures lead to a gel-like behaviour of the systems. We will also exclude surfactant
gels in which the surfactant is present in crystallized form. Especially for longer chain surfactants this
can be achieved relatively easily and often leads to gelation, typically via formation of fibres [4] but
also for the case of vesicular or lamellar structures, as for instance, known for the case of phospholipids
(“gel phase”) [5]. Accordingly, our review is concerned with gels formed by reversible dynamic

Gels 2017, 3, 30; doi:10.3390/gels3030030 www.mdpi.com/journal/gels4
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assemblies, where the properties depend largely on the molecular architecture of the amphiphilic
molecules, which in turn, control the structure and dynamics of these self-assembled systems.

Here it has to be noted that the definition of what is a gel is not necessarily undisputed and
an authoritative source for a definition according to the International Union of Pure and Applied
Chemistry (IUPAC) is that a gel is a “Non-fluid colloidal network or polymer network that is expanded
throughout its whole volume by a fluid.” In addition, it is stated that “a gel has a finite, usually
rather small, yield stress” [6]. However, the experimental confirmation of a yield stress is nothing
straightforward [7], as practically that amounts to the situation of having a structural relaxation time
τstr longer than the experimental observation time window.

For instance, the viscosity of self-assembled systems can become largely increased upon the
formation of rodlike or wormlike micelles and once these are sufficiently long and/or concentrated
viscoelastic surfactant solutions are formed [8,9]. Accordingly such systems can have zero-shear
viscosities several orders of magnitude higher than the solvent itself, and this already at concentrations
well below 1% [10]. However, such systems should be viscoelastic but not gels due to the expected
finite structural relaxation time τstr. Their elastic properties are based on entanglements and for
wormlike surfactant micelles, different to polymer networks, there is a finite reptation time. In addition,
wormlike micelles are dynamic chains, that break with a characteristic time scale [11]. Nonetheless such
systems (as well as fibres) have recently been discussed to have a gel-like collective response that
arises from these topological interactions (entanglements) [12]. The crucial parameter here is the
effective structural relaxation time τstr. Systems with an infinite (or at least substantially longer than
the observation window) τstr may be defined as self-assembled gels and they constitute interesting
systems for formulations as they allow to exercise rheological control in a simple fashion. Accordingly
systems with a finite but sufficiently long relaxation times (τstr >> s) may for practical purposes be
considered as gels, as in the relevant time and frequency range they respond similarly, which means
mainly elastic and only to a much lesser extent viscous.

In general, the shear modulus G0 and the zero-shear viscosity η0 are directly related to each other
via the structural relaxation time τstr via Equation (1).

η0 = G0 · τstr (1)

As stated before, dense packing of micelles [3] or vesicles [13] also leads to systems with
pronounced rheological properties which typically have a yield stress, i.e., do not flow at all if not
subjected to a minimum external stress. There are many principal ways of achieving gel-like behaviour
by self-assembly and a larger number of them have been well established for surfactant assemblies [14].
Gel formation can also be achieved by appropriate surfactant mixtures and/or employing polymeric
amphiphiles [15], or combinations thereof. Here in particular block copolymers of the Pluronic type
(PEO-PPO-PEO; PEO: poly(ethylene oxide), PPO: poly(propylene oxide)) are frequently employed
as gelating systems, which have the capacity to form gels already at rather low concentrations due
to the fact that their large PEO head groups can bind a substantially larger volume of water than
their PEO chains would have themselves. This enhanced effective hard sphere volume explains their
facile gelation [16], where it has been noted that such gels disappear again upon the admixture of
low Mw surfactants that dissolve the copolymer micelles [17]. In principle, they are just densely
packed micelles, often in a liquid crystalline cubic arrangement, but the main practical difference
to most conventional surfactants is the large amount of bound water, thereby facilitating gelation
already at rather low surfactant concentrations (of 15–25 wt %). Furthermore, Pluronics are attractive
systems from the point of applicability, as they have permission to be employed in almost any field of
pharmaceutical or cosmetical applications [18].

So far we just focussed on the situation of gelation due to self-assembly. However, particularly
interesting in that respect are naturally systems which are responsive to external parameters, such as
pH, ionic strength, temperature, magnetic and electric fields, shear fields etc., as they allow to control
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the rheological properties externally and to construct smart systems that adapt correspondingly to
such external stimuli.

As seen from Equation (1) a main parameter is the shear modulus G0 that is directly related to the
structural arrangement of the colloidal systems, as determined by the mesoscopic structure. From a
simple network theory G0 is given by [19]:

G0 = ν · 1N · k · T (2)

where 1N is the number of cross-linking network points. In this theory it is simply assumed that
each such network point can store one kT as elastic energy, in analogy with the energy stored per
degree of freedom in an harmonic oscillator. ν is a parameter of the order one associated with a given
specific structural arrangement. For an ideal network ν = 1 for an affine network and ν = (1 − 2/f ) for
phantom networks, where f is the cross-link functionality.

However, as stated above similarly important is the structural relaxation time τstr that determines
how long lived a given structural arrangement will be, which then is the key property that controls
viscosity. Again, in a very simplified fashion this structural relaxation time can be approximated by:

τstr = A · eEa/k·T (3)

where Ea is the activation energy required to break a cross-linking point, and A is the fastest possible
break-up time (which is given by the inverse natural oscillation frequency of the network, for instance
the movement of a hydrophobic sticker, and therefore typically is in the range of 10−10 s). Ea is the
energetic effort for breaking up a given self-assembled connection, which in water is typically related
to transferring a hydrophobic chain out of its environment in the hydrophobic assembly into the
aqueous surrounding. This is known to be about 1.2 kT per CH2 group [20] and similarly values are
also known for other hydrophobic moieties.

In the following, we will discuss in the various chapters different typical approaches to
achieve colloidal gels by self-assembly of amphiphilic molecules, which are based on wormlike
micelles, densely packed vesicles, self-assembling polymers, or bridging of surfactant structures by
amphiphilic copolymers.

2. Viscoelastic Networks of Wormlike Micelles

Self-assembly of surfactants in form of micellar aggregates can lead to the formation of surfactant
gels, which are an interesting class of molecular gels, without having to be of crystalline nature [21].
The formation of viscoelastic surfactant solutions may occur directly upon dissolution of a surfactant
in aqueous solution, but is also often observed upon addition of an additive, e.g., of salt, hydrophobic
counterions or cosurfactant to ionic surfactant solutions [22]. This empiric observation has been around
for a long time and may already occur for surfactant concentrations well below 1 wt % [8]. Initially the
structural origin of this interesting rheological behaviour was unclear but became clarified by intense
research more than 30 years ago. It could be attributed to the formation of overlapping long wormlike
micelles and was then also directly imaged by transmission electron microscopy (TEM) already more
than 30 years ago for the cases of dimethyloleylamine oxide [23] or cetyltrimethylammonium bromide
(CTAB)/sodium salicylate (NaSal) [24] (Figure 1A). Such systems for both in salt-free water but also
in the presence of larger concentrations of salt, like shown in Figure 1B for the case of 100 mM NaCl.
An interesting question here has been the branching of such long wormlike micelles but more recently
it has been shown by cryo-TEM [25] (Figure 1C) that branching does occur in wormlike micelles
and also has a profound effect on the rheological properties of these networks as the appearance of
branching points increases the shear modulus G0 [26].

6
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(A) (B) (C) 

Figure 1. Electron micrograph of (A) a sample of 1 mM CTAB/1 mM NaSal [24] (With permission of
Springer); (B) 50 mM CTAC/50 mM NaSal in 100 mM NaCl (scale bar: 100 nm) [27]; (C) NaOleate
solution containing 15 wt % octyltrimethyl ammonium bromide (OTAB) (scale bar: 50 nm), white
arrows indicate branching points and black arrows the end-caps [25].

Viscoelastic and gel-like systems have also been intensely studied for mixtures of cationic
surfactants, such as alkyltrimethylammonium or alkylpyridinium, with hydrophobic counterions
such as benzoates, salicylates, or naphthoates. Similarly, anionic surfactants of the alkylcarboxylate or
alkylsulfate type form very viscous solutions with counterions such as tetraalkylammonium salts [8,10].
However, it might be noted that often also the addition of simple salts to ionic surfactants can lead to a
substantial enhancement of the viscoelastic properties of a given surfactant solution. This is simply
due to the reduced head group size as the electrostatic screening increases. This then increases the
packing parameter of the surfactant and thereby one has a shift to more elongated micelles (the packing
parameter p is given as: p = v/(a0·lc); where v is the volume of the hydrophobic part of the surfactant,
a0 the head group area, and lc a critical length which is roughly equal but less than the fully extended
length of the hydrocarbon chain of the surfactant [28]). This effect is typically more pronounced for
multi-valent counterions, as for instance demonstrated for sodium dodecyl trioxyethylene sulfate
(SDTES) where the efficiency of the ions follows the rule: Al3+ > Mg2+ > Ca2+ > Na+ [29]. However, also
the addition of simple NaCl to palmitylamido-sulfobetaine (PDAS) has been shown to help gelation
properties where here in particular a thermoreversible gelation is observed which takes place upon
heating from 30 to 40 ◦C and is linked to a transition of globular to wormlike micelles but only at very
high surfactant concentrations of 1 mol/L [30].

The rheological behaviour of such systems of entangled wormlike micelles in oscillatory
experiments can to a first order often be described by Maxwellian behaviour, as given by Equation (4)
for the frequency dependence of the storage modulus G’ and the loss modulus G”, but at higher
frequencies typically marked deviations are observed. These can be attributed to the fact that the
wormlike micelles have a finite life time and, depending on the detailed molecular composition,
will have a characteristic breaking time τbreak [31], which determines at which frequency one will
observe deviations from the picture expected for simple wormlike objects (as they are present in
polymer solutions).

G′ = G0 · ω2 · τstr
2

1 +ω2 · τstr2 (4a)

G′′ = G0 · ω · τstr

1 +ω2 · τstr2 (4b)

Typically, one observes that both, shear modulus G0 and zero-shear viscosity η0 follow a power
law above a certain concentration c0:

G0 = A ·
(

c − c0

c0

)γ

(5a)
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η0 = B ·
(

c − c0

c0

)β

(5b)

where c0 is an effective overlap concentration, A and B some system dependent pre-factors, and β and
γ some system dependent power law exponents. γ depends mostly on the structural interconnection
and typically is in the range of 1.5–3 while β may vary much more widely (between 1.5 to 8.5) as
according to Equation (1) it also depends on the power law that applies to τstr. Typically β increases
substantially with increasing electrostatic interaction of the micelles, being smallest for neutral systems
and highest for unscreened charged systems [10].

As already discussed before normal solutions of wormlike micelles have a finite structural
relaxation time τstr, which means they flow rather quickly under gravity. However, τstr scales
with the length of the hydrophobic chain of the surfactant, which normally is directly related to
the kinetic exit time of the hydrophobic chain from the micelle and as the activation energy per
CH2 unit is about 1.2 kT having 2 additional CH2 groups results in an increase by a factor ~10
(see Equation (3)). Accordingly, for long chain systems τstr may move out of the experimental
observation window. For instance one observes gel formation for erucyl dimethyl amidopropyl betaine
(EDAB) for concentrations already above 10 mM and the shear modulus follows a power law of G0

~c(EDAB)1.8 for the surfactant concentration. Such a scaling is also in good agreement with theoretical
predictions [32]. Of course, this behaviour is temperature dependent and upon heating to 60 ◦C one
observes normal viscoelastic behaviour again [33], since τstr depends strongly on temperature (scaling
according to Equation (3)). This concept of having very long hydrophobic chains to enhance the elastic
properties of wormlike micelles has also been extended to pseudo gemini surfactants composed of
N-erucamido-N,N-dimethylamine (UC22AMPM) and maleic acid with a molar ratio of 2:1. This system
was found to be quite temperature-sensitive and to be showing pronounced elastic properties already
at concentration of 25 mM and, not surprisingly, these properties increase substantially upon increasing
the surfactant concentration further. The most interesting aspect here is that it is quite sensitive to pH
in the range of 6 and 7.5 [34], thereby indicating the importance of the charging conditions here.

In general, it is well known that gemini surfactants have a pronounced tendency for forming
very elongated wormlike micelles [35]. As they have automatically two hydrophobic chains
anchored within the wormlike micelle their structural relaxation times τstr are much larger
than those of the corresponding single chain surfactants. Accordingly, here one also produces
easily viscoelastic surfactant solutions, where it has been found that the presence of a hydroxy
group in the head group enhances viscosity and elastic properties, as seen in particular for the
comparison of 2-hydroxyl-propanediyl-α,ω-bis-(dimethyldodecylammonium bromide) (12-3(OH)-12)
and propanediyl-α,ω-bis(dimethyldodecylammonium bromide) (12-3-12) [36]. The same study also
demonstrated the importance of the alkyl chain length as for 12-3(OH)-12 τstr was in the range of s,
while for 14-3(OH)-14 it moved into the range of hundreds or thousands of s, i.e., allowing for tube
inversion and real gel formation (again this is not a surprising finding as one introduces 4 CH2 groups
into the hydrophobic surfactant moiety and according to our above statements would expect to see an
increase of τstr by a factor ~100).

In summary, it can then be stated that viscoelastic surfactant systems based on wormlike micelles
allow for the formation of viscoelastic fluids, that in practice can mutate to gels. The main control
parameter here is the structural relaxation time τstr, which in turn depends mainly on the length of the
hydrophobic moiety.

3. Densely Packed Vesicle Gels

Another way of obtaining highly viscous or even gel-like systems is by having densely packed
vesicles. This applies to unilamellar or multi-lamellar vesicles (ULVs, MLVs) that are closed surfactant
bilayers (with one or many shells) (Figure 2). The rheology of vesicle systems has been reviewed some
while ago [37], and they show typically enhanced viscosity compared to micellar systems and a shear
thinning behaviour. Their enclosing of solvent allows to have densely packed systems of spherical
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objects, with the amphiphilic volume fraction typically in the range of 2–15 wt % of amphiphilic
substance. In general, one may expect low volume fractions for ULVs and higher volume fractions
with correlated layers in the MLVs.

 
(A) (B) (C) 

Figure 2. Sketch of different types of densely packed vesicle gels. (A) made up from unilamellar vesicles
(ULVs); (B) made up from multilamellar vesicles (MLVs); (C) densely packed deformed vesicles at
high concentration.

3.1. Vesicle Gels Based on Unilamellar Vesicles (ULVs)

We may first consider vesicle gels formed by ULVs. Such gels were already reported
as early as 1968 by Fontell and Ekwall for densely packed vesicles observed in the system
NaOleate/decanol/water [38]. However, it remained largely unnoticed, as the authors did not
emphasize that interesting point in their study, which instead focussed on other aspects of surfactant
self-assembly and phase behaviour. These investigations were taken up on basically similar systems in
the 1990’s by Hoffmann et al. who not only studied the mesoscopic structure of these systems, but
also their rheological properties in some detail [39,40]. These vesicle gels simply form spontaneously
by diffusion of the cosurfactant into the oleate solution. Thereby the initial micellar oleate solution
becomes first transformed into increasingly longer wormlike micelles with a corresponding marked
increase of viscosity. This process occurs within the first 1–2 min and then is followed somewhat
later by a transition from wormlike micelles into well-defined ULVs, where this process is typically
completed after about 15–20 min and is accompanied by a gelation of the system, i.e., it possesses a
yield stress then of ~200 Pa [41]. The shear modulus G0 is in the range of 1000–10,000 Pa, increasing
with increasing surfactant concentration. It can be well explained via Equation (2), as now one has
more vesicles since they become reduced in radius from 24 to 14 nm, in order to retain the packing
volume fraction while having larger amounts of amphiphilic bilayer to disperse. The dense and highly
ordered packing of vesicles can be seen well in the FF-TEM shown in Figure 3A.

The observed structural progression can simply be explained by the change of the packing
parameter p of the amphiphilic system that comes about by incorporating the octanol into the oleate
system. The initially present globular micelles elongate into increasingly long rodlike micelles, which
then finally transform to well-defined and rather monodisperse ULVs as followed and confirmed
by time resolved small-angle neutron scattering (SANS) experiments [42]. The formed gel phase
is isotropic and quite transparent and is found for oleate concentrations of ~150–400 mM and
concentrations of 1-octanol of ~450–700 mM, which means that the amphiphilic film is largely
composed of the cosurfactant 1-octanol and therefore also this bilayer is with ~2.2–2.5 nm rather
thin. In addition, such vesicle gels can also be formed by adding other cosurfactants like heptanol,
hexanol, or geraniol to an aqueous Na oleate solution, while shorter or longer alcohols lead to systems
with much reduced elastic properties [40]. It might also be noted that here one is not restricted to oleate
as surfactant, but the structurally related isostearate possesses a quite similar phase behaviour. It is
interesting to note that subsequent NMR work on these well-defined ULV gels proved the existence of
μm-size kind of “super-structure” or “grain-like structure” in these systems, which is several hundred
times bigger than the individual vesicles, and which for instance for aspects of release of active agents
from them should be of relevance [43]. A somewhat related investigation showed that NaOleate
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can also become transformed into a gel phase by addition of N,N-bis(carboxylatomethyl) glutamate
(GLDA). However, in that case not the formation of ULVs is responsible for gelation but instead long
and stiff fibrils of lamellae are at its origin [44].

Further work also showed that the structural features of the vesicle gel can be retained during
silication, where the initial vesicle gel contained in addition tetraethyl orthosilicate (TEOS) as a silica
source. The TEOS then hydrolyses more slowly than required for the vesicle gel formation to take
place, therefore not interfering with it [45]. Interestingly the incorporation of the silica network leads
to a reduction of the elastic properties, which becomes very pronounced beyond a certain critical TEOS
concentration [45].

Some time ago, the formation of vesicle gels of strings of vesicles was reported for the case of
gemini surfactants, where it was speculated that this percolating system of vesicles comes about by
the protrusion of small chains from the vesicle surface (Figure 3B) [46]. This then renders the vesicles
attractive to each other and the bridging of two vesicles by the gemini surfactant thus leads to the
formation of strings that for high enough concentration yields a space-filling percolated network.
Such behaviour was observed for a number of gemini surfactants, all having in common a large
asymmetry with respect to the length of their two hydrocarbon chains and gel strength and yield stress
were found to depend markedly on the molecular structure of the gemini surfactant.

 
(A)  (B) 

Figure 3. (A) Freeze-fracture transmission electron microscopy (FF-TEM) image of densely packed
ULV in the system 182 Na isostearate/567 mM 1-octanol (the aqueous solution contained 20 wt %
glycrol to facilitate the FF preparation (size bar: 200 nm) [41]; (B) cryo scanning electron microscopy
(cryo-SEM) image of a C18–C8 gemini vesicle gel (size bar: 66.7 nm) [46].

When getting more and more densely packed, one may expect that the charged vesicles escape
from this crowded situation by deflation and formation of bi- or multilamellar vesicles. This mechanism
actually has been described recently by theory and supported by experimental evidence [47].

3.2. Vesicle Gels Based on Multilamellar Vesicles (MLVs)

Of course, the concept of densely packed spherical colloids just described for ULVs can be
extended to multilamellar vesicles (MLVs) and actually here the formation of such gellike and
viscoelastic systems has been reported much more often. Such vesicle gels cannot only be formed
by spherically shaped ULVs and MLVs (Figure 4A) but for higher concentrations of amphiphilic
material the vesicles have to deviate from a spherical shape in order to allow for a more dense packing
(see Figures 2C and 4). Such “deformed MLVs” then are of polyhedral shape, which allows for
the correspondingly required more dense packing. Examples for such structures are depicted in
Figure 4B. If made from phospholipid such liposome gels of MLVs are also of high interest for practical
formulations in the context of delivery systems [48].
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(A) (B) 

1 μm

Figure 4. FF-TEM micrographs of the systems: (A) 90 mM TDMAO/10 mM TTABr/220 mM 1-hexanol
(Reproduced (“Adapted” or “in part”) from [49] with permission of The Royal Society of Chemistry.);
(B) 360 mM TDMAO/40 mM TTABr/780 mM 1-hexanol/700 mM NaCl.

An example for such densely packed MLV is given for the zwitterionic surfactant
tetradecyl-dimethyl amine oxide (TDMAO) that by addition of a cosurfactant like hexanol or heptanol
becomes transformed into a state of vesicles or lamellae. By protonation or substitution of the TDMAO
by the cationic tetradecyltrimethyl ammonium bromide (TTAB) this system can be shifted further into
the state of MLVs [50]. Already at a surfactant concentration of 100 mM (~2.5 wt %) the formation
of MLVs results in pronounced elastic properties with a shear modulus G0 in the range of 10–100 Pa
and the formed systems even exhibit a yield stress. This is due to the fact that one has here μm sized
onion-type MLVs that are densely packed, as seen in Figure 4A [49]. An interesting observation is that
G0 is very sensitive to the charging of the systems. While the uncharged system shows basically no
gel-like behaviour, already the presence of 1 mol % charged surfactant leads to viscoelastic properties
and raising this value to 4 mol % leads to a substantial increase of G0 to ~40 Pa, while further charging
then has no effect and G0 remains constant thereafter. It is also interesting to note that the rheological
behaviour is almost the same whether one charges the system by protonation or by substituting
TDMAO by TTAB, indicating that it is a purely electrostatic effect. Of course, as the rheological
properties here depend so strongly on electrostatics the addition of salt then leads to a substantial
reduction of the viscoelastic properties again. Upon increasing the surfactant concentration by a
factor 4 and having a rather high salinity of 700 mM NaCl one observes the formation of densely
packed multifacetted vesicles as depicted in Figure 4B (the high salinity here reduces the electrostatic
repulsion between the bilayers and thereby facilitates their dense packing).

It might be noted that this MLV TDMAO/TTAB/1-hexanol system can elegantly be changed in
its structure by application of shear forces, where with increasing shear rate one reduces the number of
lamellae in the MLVs until at very high shear rates of several 1000 s−1 finally unilamellar vesicles are
present (Figure 5A). Of course, at the same time the number of vesicles increases substantially and this
also leads to an increase of the shear modulus G0 (Figure 5B) which is in agreement with Equation (2)
and demonstrates that here the number of effective network points has increased [51]. It might be
noted that this transformation of vesicle morphology is basically irreversible (i.e., no relaxation process
to any of the other structures was observed), but therefore it also remains unclear which state here is
really thermodynamically preferred. Of course, it should be noted that size control of MLVs by shear
had already reported before [52] but not in the context of parallel rheological control.

A somewhat related system is also based on TDMAO but uses the fact that TDMAO is a weak
base, which can become protonated by a strong acid. This was accomplished by mixing it with
perfluorolauric acid (PFLA) and this catanionic surfactant system forms birefringent gels for surfactant
concentrations higher than 50 mM and a molar content of PFLA of 80–90%. 100 mM systems have
shear moduli of ~1000 Pa and the structural investigations show the presence of MLVs here, but ones
that are in the crystalline state at room temperature and only melt around 50 ◦C, as also the pure PFLA
melts at 55 ◦C [53].
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(A) (B) 

Figure 5. (A): FF-TEM micrographs of the system 90 mM TDMAO/10 mM TTABr/220 mM 1-hexanol:
(a) immediately after shearing the sample for 1.5 h at a shear rate of 200 s−1; (b) 2000 s−1; (c) 4000 s−1;
(d) after allowing the system depicted in (c) to relax under stirring for 12 days; (B): Shear modulus
G0 (�) and electric conductivity during shear in vorticity direction (×) versus shear rate of the pre-shear
for the same system. The vesicle solution was sheared at the given shear rate until the apparent shear
viscosity indicated a steady state. Then, shearing was stopped and the modulus was measured in an
oscillation experiment (Original in [51]).

Another interesting observation on the TDMAO/cosurfactant system was that one can also
induce the formation of a densely packed MLV gel by the addition of a hydrocarbon (here decane) to a
concentrated solution of TDMAO and benzyl alcohol, where the structure and rheological properties
are controlled by the amount of decane contained [54].

As indicated the formation of MLVs is often linked to the presence of a cosurfactant. Accordingly,
similar systems have also been described for the case of the classical surfactant SDS and cetyl
alcohol. The reason for the gellike behaviour here could be attributed to jammed packing of
uni- or multi-lamellar vesicles as determined mainly a combination of 1H and 13C-NMR [55].
For phospholipids such gels are formed from lecithin upon the addition of sodium deoxycholate,
sodium cholate, sodium taurodeoxycholate, or sodium taurocholate, where the rheological properties
depend on the precise ratio of bile salt and lecithin. Robust gels are formed already around molar
ratios for bile salt/lecithin of ~0.2 and lecithin concentration of 400 mM [56].

In another type of system based on a classical nonionic surfactant C12E4, that is well known to
form vesicles [57] gelation was induced and controlled by the addition of cationic dodecyltrimethyl
ammonium bromide DTAB. Yield stress and elastic modulus increase with increasing content of DTAB,
where a maximum is already achieved around 4–5 mol % substitution. Of course, the elastic properties
can further be controlled by the total concentration of surfactant as shown in Figure 6 [58]. A similar
phase and rheological behaviour was observed for another nonionic surfactant of somewhat longer
chain length and in addition containing ethylhexylglyceride as cosurfactant. Here the addition of
SDS resulted in the formation of a vesicle gel with a yield stress, which could be explained by a
simple electrostatic model for the bending constant of the bilayers [59]. Later work showed a similar
behaviour upon admixing the anionic surfactant sodium bis(2-ethyl hexyl)sulfosuccinate (AOT) [60].

Furthermore, it could also be shown that charging of the C12E4 bilayers by means of adding
anionic perfluorolauric acid (PFLA) leads to the formation of vesicle gels for concentrations around
10 wt %, where yield stress and elastic modulus increase substantially with increasing content of
ionic surfactant PFLA [61]. In a related later study the charging of the C12E4 system was done by
adding the amphiphilic anionic dye sodium 4-phenylazobenzoic acid (AzoNa). The obtained vesicle
gels were responsive to temperature, pH and light, increasing in elastic properties with increasing
temperature in a reversible way and being stable in the pH range of 7 to 11, while losing their gel
properties outside this pH range [62]. Illumination by UV light initiates a transition from trans to
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cis conformation of the AzoNa which promotes bilayer formation thereby leading to gelation of the
system. This process then can be switched back by illuminating with visible light [62], i.e., this is a
light-responsive self-assembled gel. It might be added that a similar light responsive formation of
a hydrogel could also be achieved for the case of the cationic surfactant, alkyltrimethylammonium
bromide (CnTAB, n = 12, 14, 16, and 18) via the addition of sodium azobzenzene 4,4′-dicarboxylic acid
(AzoNa2), which can be switched from cis to trans conformation by UV illumination. However, the
strong gels formed there are not due to vesicle formation but the reason is the formation of very long
(many μm) fibers in the presence of the cis-AzoNa2 [63].
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Figure 6. Storage modulus G′ as a function of total concentration for vesicles gels composed of Brij30
(technical grade C12E4) and 4 mol % DTAB, solid line: G′(1 Hz) = A × (c − c0)x; c0 = 76 mM, x = 1.87.

A classical way of forming vesicles is the mixture of cationic and anionic surfactants,
i.e., for catanionic surfactants [64]. By a variation on that theme it has been shown that the
mixture of tetradecyl or dodecyl trimethyl ammonium hydroxide (TTAOH/DTAOH) with the
2-hydroxy-1-carboxy-naphthoate (HCN). This leads to salt free systems where HCN constitutes
the hydrophobic counterion. For both surfactants (DTA and TTA) one observes already at 100 mM
concentration around equimolar mixing or some HCN excess the formation of MLVs which form a
weak gel with about 20 Pa storage modulus and exhibiting a yield stress [65]. A similar behaviour
had been observed before when employing CTAOH as cationic surfactant and here it was interesting
to note that for lower amounts of admixed HCN a viscoelastic phase of wormlike micelles is formed,
where this viscoelastic solutions show a very similar storage modulus at high frequency as the MLV
gels, but not having their yield stress [66]. In that context, it is also interesting to note that these
pronounced elastic properties of a typical gel system are only observed for the salt-free CnTA/HCN
systems, while mixing their salts (which produces the equimolar amount of salt, e.g., NaBr) leads to a
reduction of the elastic modulus by a factor 100 while at the same time one observes the formation of
MLV but together with other locally lamellar structures [67]. Apparently the elastic properties of this
system are largely controlled by the electrostatic interaction.

It might be noted that catanionic surfactants are most known for their spontaneous formation of
well-defined ULVs but at higher concentration will often form MLVs, which then are in dense packing
forming gels, as for instance described for the case of CTAT/SDBS [68].

4. Hydrophobically Modified Polymers

So far we have considered gels that are formed by surfactant self-assembly due to the aggregate
structure, i.e., long worm-like micelles and densely packed micelles. However, in general, one
may achieve similar self-assembled systems by employing amphiphilic copolymers. A particularly
interesting class of polymers in that context are hydrophobically modified water-soluble polymers
(see Figure 7). Here the hydrophobic modification is typically an alkyl chain of similar length as
in surfactants and, therefore, has a tendency to associate with other such chains. Depending on
the number of hydrophobic modifications along the polymer backbone, their concentration and
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the flexibility of the polymer, these hydrophobic chains may self-assemble like a micelle or yield
connecting hydrophobic contact points. The structure and rheological properties differ significantly
for the different polymer architectures. Hydrophobically modified water-soluble polymers can be
classified into three main groups (Figure 7A):

1. Telechelic polymers, which are linear polymers end-capped with two stickers, alkyl chains or
short hydrophobic blocks;

2. Low functionality multisticker polymers;
3. Multisticker grafted polymer chains with randomly distributed pendant hydrophobes along the

hydrophilic chain (comb polymers).

Of course, beyond the architecture here it is also interesting to have systems where this
hydrophilic/hydrophobic balance depends on external parameters, such as temperature, pressure, pH,
ionic strength, etc., i.e., stimuli responsive systems.

Figure 7. Schematic representation of (A) the polymer architecture of linear and low
functionality telechelic polymers and comb-type hydrophobically modified polymers; association
of telechelic polymers in (B) aqueous solutions and (C) with microemulsions as a function of the
polymer concentration.

4.1. Telechelic Polymers

The self-assembly and mechanical properties of telechelic polymers, or ABA triblock copolymers
(with A being hydrophobic and B being hydrophilic), is relatively well understood. The hydrophilic
block most widely used is poly(ethylene oxide) [69–72] but there are examples with other chemistries,
such as poly N,N′-dimethylacrylamide [73,74]. The hydrophobic end-group is typically a hydrocarbon
alkyl chain [72,74,75]. However, also fluorocarbon alkyl chains [76] and hydrophobic polymer blocks
(for example, polystyrene [77] and polybutadiene [78]) have been explored. Of course, one may
also have a similar situation for ABC copolymers with A and C being two different hydrophobic
units, which has also been discussed and studied in some detail [78]. The current understanding
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of the self-assembly and mechanical properties of telechelic polymers has been collected in a recent
review by Chassenieux et al. [79]. Telechelic polymers aggregate at low concentrations into flower-like
micelles [70], where different techniques yield different micellar aggregation numbers for a given
system. For instance, fluorescence gives lower numbers than those obtained by static light or neutron
scattering, and these in turn are slightly lower than the ones from dynamic light scattering (DLS) and
viscosimetry [72,80,81]. However, they all agree that, compared to surfactant micelles, associative
polymer micelles have lower aggregation numbers (Nagg < 50). Theoretically, the aggregation number
of flower-like micelles results from balancing the interfacial energy, configurational entropy, and
excluded volume interactions in the corona against the deformation energy of the hydrophobic
chains in the core. The polydispersity of the micelles arises from thermal fluctuations [82]. For long
hydrophilic chains, the loop formation does not affect significantly the free energy and micelles of
telechelic chains theoretically are predicted to have the same aggregation number as a solution of
double the number of chains with one hydrophobic end-cap group [69]. This result has been in fact
found experimentally by Sérero et al. [70].

At higher polymer concentrations, as the number density of micelles increases, they come closer
together and polymer chains are able to reversibly form bridges between micelles leading to the
formation of clusters [83] (Figure 7B). The cluster size grows with increasing concentration until the
percolation concentration, where one cluster spans the entire volume and a transient network is formed.
The rheological properties of these networks have been studied in detail [71,84–86]. Linear oscillatory
shear measurements exhibit viscoelastic behaviour with one relaxation time and a high frequency
modulus that can be described by a Maxwell model (Equation (4)) with one single relaxation time
τstr and a plateau elastic modulus G0 (Equation (2)). The structural relaxation time τstr is related
to the residence time of the hydrophobic sticker in the micelle. Thus, the experimental structural
times are very similar to the relaxation times determined for micellar kinetics for surfactants with the
same chain length and increases strongly with increasing chain length of hydrophobic sticker [85].
Variation of the end-group chemistry consequently affects the sticker residence time in the micelles,
i.e., hydrophobically modified polymers with fluorocarbon chains have longer lifetimes of the bridges
than polymers end-capped with alkyl chains of the same length [76]. The elastic modulus in case of
flexible and unentangled chains is expected to depend on the number of bridges. In the simplest case
of rubber theory each bridge contributes 1 kT to the elasticity (see Equation (2)). Thus, predicting
the value of G0 depends on the ability to estimate the fraction of bridges versus loops and dangling
ends [87]. In terms of the non-linear rheology, they often exhibit shear thickening behaviour prior to a
sharp decrease in viscosity of several orders of magnitude [71,88,89].

The structure of flower-like micelles fits well to a model for star polymers [90]. With this model
one can well describe the small angle scattering data of isolated micelles at low concentrations. In the
concentrated regime micelles are experimentally found to interact repulsively [70,74,91], due to the
excluded volume of the bridging chains. However, theoretically an attractive component due to
bridging is expected [92] (Figure 8). The strength of the attractive interaction has been predicted to be
about 1 kBT per chain, regardless of the lifetime of the bridges. At constant concentration, an increase
in the strength of the attraction leads to phase separation [92].

4.2. Amphiphilic Polymers with Multiple Hydrophobic Stickers

Polymers with many hydrophobic groups attached to a hydrophilic backbone associate in more
complicated structures since the hydrophobes may associate with other hydrophobes of the same
polymer molecule or of different molecules. Depending on the polymer architecture and concentration,
these polymers also form transient networks. They show a strong viscosity increase in the semi-dilute
regime that is more pronounced if the grafting density is higher or the length of the stickers is increased.
These solutions exhibit viscoelastic behavior. Their rheological response presents a broader distribution
of relaxation times compared to the HM end-capped linear polymers [73]. A theoretical work proposed
by Rubinstein and Semenov [93] predicted that the dynamics in the dilute regime is mainly controlled
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by intramolecular association. With increasing concentration, the polymer chain dynamics can be
described by a sticky Rouse model for unentangled polymers and a sticky reptation model for
entangled polymers. Experimental data of HM neutral polymers, such as polyacrylamide [94] or
poly(N,N′-dimethylacrylamide) [73], agree with the theoretical predictions.

In the case of just a low number of stickers per polymer, i.e., more than 2 but less than 10,
considerably less work can been found in the literature. Associative star block copolymers—such as
poly(acrylic acid)-block-polystyrene (PAA-b-PS)4 [77], poly(ethylene glycol)-b-poly(N-isoprylacryl-amide)
(PEO-b-PNiPAAM)x, with x = 2–8 [95] or (PEG-b-PLLA) [96,97]—aggregate in aqueous solutions
und undergo a sol-gel transition at a critical concentration in the same way bifunctional polymers
do. In general, polymers with higher number of associative groups form networks more effectively
due to lower intramolecular association. However, more systematic studies are needed in order to
understand the effect of the polymer architecture on the network properties. Recent investigations on
3-arm and 4-arm end-capped polymers showed that the polymer functionality impacts substantially
the rheological properties of the network in terms of the network elasticity. Higher functionality leads
to higher connectivity and thus to higher plateau moduli. The viscoelastic behaviour is still almost of
Maxwell type with one relaxation time given by the sticker length [74].

The interactions of associative groups that give rise to the transient junctions can be other than
hydrophobic interactions. Sophisticated end-functionalization of polymers has led to a library of
associating polymers that bond through noncovalent physical interactions such as metal−ligand
coordination [98–100], hydrogen bonding, [101] and host−guest interactions [102]. Compared to the
classical telechelic polymers, the multiplicity of the network links is given by the type of physical
bonding and it is generally less than 5.

Also, although most of the work has been done on water based systems, polymers that associate
in non-polar solvents havebeen studied. They form micelles and networks with the same governing
physics as in the water-based systems. For instance, triblock copolymers with a middle block soluble
in paraffin oil and insoluble polystyrene end-blocks are able to associate into interconnected micelles
in paraffin oil [103,104]. Analogously, block copolymers with an oil soluble middle block and water
soluble end-groups are able to bridge and network reverse swollen micelles in oil [105,106] in the same
way that occurs in the water based systems described below.

4.3. Stimuli Responsive Copolymers

All the aspects discussed above apply similarly to systems where the hydrophilicity of one
block becomes switched on or off by an external parameter, such as temperature, pressure, pH,
or ionic strength—and, of course, such switchable systems are very interesting. Accordingly, here
many concepts have been presented and in our review we want to focus purely on such where
by the change of an external parameter the hydrophilicity/hydrophobicity can be switched and
thereby the rheological properties of the systems. As an example for the case of temperature sensitive
systems this means that one of the blocks has to possess a lower (LCST) or an upper (UCST) critical
solution temperature [107]. As the field of stimuli responsive polymers and their effect on macroscopic
properties is a very wide one we want in the following only discuss some exemplary cases relevant for
gelation, for instance arising from interconnection of self-assembled entities.

Most frequently ABA triblock copolymers have been employed where the block A is the switchable
block. A good example for such a system are copolymers with A = 2-(diisopropyl-amino)ethyl
methacrylate), DPA or 2-(diethylamino)ethyl methacrylate), DEA; B = 2-metha-cryloyloxyethyl
phosphorylcholine, MPC, where DEA and DPA possess a LCST, which means that they become
hydrophobic above a certain temperature and then form hydrophobic domains (see Figure 7B).
This means that above this temperature and for concentrations about 10 wt % gelation takes place.
These gels then dissolve again at lower pH due to protonation of the A block [108], i.e., are in addition
pH-sensitive. A slight variation of this system then was done with PNIPAm as hydrophobic A block
which forms gel-like systems at temperatures above 35 ◦C [109]. An interesting extension of this work
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then lead to thermogelling systems that contain PNIPAm as LCST A block. In addition, these polymers
contained a S–S bond in the center of the copolymer, which then allows for chemical disintegration
of the gel by a reduction reaction, that for instance can be done under very mild conditions by the
tripeptide glutathione [110]. A similar redox-responsive system has been constructed for the case of
NIPAM-b-PDMA-b-PNIPAM or PDEGA-b-PDMA-b-PDEGA copolymers, which were obtained by the
RAFT procedure and correspondingly contain a central trithiocarbonate unit. The initially formed
gel can be broken by aminolysis and the formed thiol capped copolymer micelles can be cross-linked
reversibly by oxidation [111]. Of course, the gelation concentration depends on the detailed molecular
architecture of the ABA copolymer and for PLGA-PEO-PLGA was shown to be mainly dependent on
the block lengths [112].

Of course, in addition to just having temperature responsiveness one may also switch
hydrophobicity by pH. This was for instance demonstrated for the case of (PDEAEM25-b-PEO100-b-
PPO65-b-PEO100-b-PDEAEM25) pentablock copolymers. By SANS experiments it could be shown that
above the LCST at 70 ◦C one has at pH 7.4 micellar aggregates that form a cross-linked gel upon raising
the pH to 10.5 [113]. However, the pH-dependence can also arise from the center block, as demonstrated
for the case of PMMA-PDMAEMA-PMMA, where above a certain polymer concentration gels are
formed in aqueous solution due to the formation of bridged hydrophobic domains. However, this
mechanism is only well working at intermediate pH of ~4, where the PDMAEMA chain is almost
fully charged and thereby fully stretched. At higher pH the PDMAEMA chain becomes neutralized
and therefore is no longer able to bridge and at lower pH one has automatically a substantial increase
of the ionic strength which then screens the electrostatic repulsion within the PDMAEMA chain and
therefore much reduced chain elongation. Accordingly, one can switch by pH from a gel state at pH ~4
to a sol state at higher or lower pH [114].

A coupled pH/temperature responsiveness of a sol-gel transition has been observed for linear
triblock copolymer, poly(methoxydi(ethyleneglycol) methacrylate-co-methacrylic acid)-b-PEO-b-poly
(methoxydi(ethylene glycol) methacrylate-co-methacrylic acid) (P(DEGMMA-co-MAA)-b-PEO-b-
P(DEGMMA-co-MAA)), and by appropriately changing pH and temperature one can obtain successive
sol-gel and gel-sol transitions in a narrow pH range [115]. However, here exist also other approaches
for introducing thermoresponsiveness and for instance it can also be obtained by having hydrophobic
dipeptides (dityrosine end groups) that end-cap a PEG chain. The dipeptides then form β-sheet fibrils
that lead to a gel-sol transition near body-temperature [116].

Of course, there are many more ways to employ amphiphilic polymers for the formation of
polymeric hydrogels and we have depicted here only some, which are more directly related to our
general theme of surfactant based hydrogels. However, the interested reader may here be referred to
recent reviews that focus on this topic of polymeric hydrogels [117,118].

5. Micellar Systems, Microemulsions or Vesicles Cross-linked by Amphiphilic Polymers

As seen in the chapter before amphiphilic copolymers can self-assemble into network gels by
themselves, but such self-assembly can substantially be altered and strengthened by the presence
of surfactant. This means that one may cross-link micelles or microemulsion droplets (which for
simplicity one may consider as micelles swollen with a hydrophobic compound) by the amphiphilic
copolymer and similarly vesicles may become cross-linked by such polymers. It might be mentioned
that our review here is not complete with respect to the options existing for using mixtures of surfactant
and polymer to achieve gel type systems, as that can also be achieved by mixtures of polyelectrolyes
and surfactants as they have been reviewed recently [119,120]. A well-established case for such a
system is hydroxyethyl cellulose (HEC), which can be cationically and hydrophobicially modified
and by combining with oppositely charged anionic surfactants one can form highly viscous systems,
which may exhibit gel-like behaviour already at very low concentrations (whereas the pure HEC and
surfactant solutions are water viscous). At equimolar mixing of charges one may observe precipitation
but upon approaching this two-phase region a very marked increase of viscosity by several orders of
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magnitude will take place [121], typically in a rather narrow concentration range. The formation of
gels strongly depends on the constitution of the polymer and its concentration. Having oppositely
charged groups present and also the presence of hydrophobic modification on the polymer reduces
the concentration at which gelation is observed [122]. Without the electrostatic interaction no more
pronounced interaction is observed and accordingly no gelation takes place.

5.1. Surfactant Micelles Interacting with Amphiphilic Polymers

A rather classical case of viscosity enhancement or gelation is observed in mixtures of surfactants
with hydrophobically modified polymers, typically a water soluble polymer where alkyl chains are
present as hydrophobic side-arms.

Non-ionic and ionic surfactants have a strong affinity for the hydrophobic domains formed by
associative polymers. The zero shear viscosity as a function of the surfactant concentration has a
maximum at a concentration close to the cmc of the pure surfactant solution. Assuming that the
surfactant has no interaction with the hydrophilic chain, the addition of surfactant to a solution of
HM-polymer of constant concentration results in the creation of mixed micelles. Their rheological
properties arise mainly from two effects: (1) the lifetime of the stickers in the mixed micelles and (2)
the number density of mixed micelles (cross-linking points) and hence the distance between them.

For aqueous solutions of telechelic polymers that are, as explained above, quasi-Maxwellian
fluids, the changes on the network relaxation and the elastic modulus are easy to observe [123].
Higher surfactant concentrations increase the number density of the micelles in the system, which
brings the micelles closer together, thereby enabling the polymer to form bridges. At the same time,
there is a lower probability of having many stickers in the same micelle. The net effect of both
opposing factors is a peak in the modulus as a function of surfactant concentration. At high polymer
concentrations, where loops are less probable, the addition of surfactant has a rather limited influence
on the formation of bridges, resulting in an almost immediate drop of the modulus without appreciable
prior increase [123].

Figure 8. Schematic representation of the interaction potential between micelles (microemulsions) that
are decorated and bridged by a telechelic polymer. The interaction has an effective attractive interaction
between the micelles, due to the bridging, and a repulsive interaction, due to the steric repulsion between
the micelles induced by the presence of the water soluble polymer that decorates the micelles.

Now let’s consider the other case, where telechelic polymer is added to a surfactant solution of
constant concentration with already formed micelles. In this case, the addition of polymer leads to the
decoration followed by the subsequent interconnection of micelles with the corresponding increase in
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viscosity and elastic modulus. In terms of the structure, subsequent addition of telechelic polymer to a
micellar solution doesn’t significantly change its structure but induces repulsive interactions between
them [124], as well as attractive ones due to the capacity for bridging micelles. A typical curve for
the potential energy between two micelles (or similarly microemulsion droplets) in the presence of
telechelic polymer is given in Figure 8.

In the case of HM-grafted polymers, the viscosity and the relaxation time undergo a maximum as
a function of the added surfactant concentration. Compared to the case of regular telechelic polymers,
the increase of the number density of micelles results in fewer cross-links and the corresponding
decrease in the elasticity. Therefore, the non-monotonic variation of the viscosity arises from variations
in the residence time in mixed micelles and will vary depending on the nature of the surfactant—it’s
length and head group. The concentration at the viscosity maximum correlates with the CMC of the
surfactant [125,126] and increases substantially with increasing concentration of the hydrophobically
modified polymer, as shown in Figure 9 for the case of hydrophobically modified polyacrylamide
(HMPAM) with sodium dodecyl sulfate (SDS).

Figure 9. Effect of sodium dodecyl sulfate (SDS) concentration on the zero-shear viscosity of aqueous
hydrophobically modified polyacrylamide (HMPAM) solutions of different concentration C [126].

However, micelles may have other shapes than spherical. The addition of telechelic polymers to
worm-like micelles also leads to additional interconnection between the micelles. In this case, worm like
micelles already have viscoelastic behaviour arising from the micelle´s interconnection. The addition
of telechelic polymer results in a viscoelastic fluid with two coupled networks characterized by two
relaxation times, one related to the worm-like micelle network and one related to the telechelic polymer
bridging different micelles [127]. In such systems one observes two characteristic rheological relaxation
times with two corresponding elastic moduli—to be described by two Maxwell fluids. The fast
mode can be associated to the network of telechelic active chains that bridge two micelles, while the
slow mode arises from the network of entangled wormlike micelles [128]. It has been demonstrated
by SANS that, in a similar way as for spherical micelles, the telechelic polymer induces both an
effective attractive interaction between the micelles, due to the bridging of the micelles, and a repulsive
interaction, due to the steric repulsion between the micelles induced by the presence of the water
soluble polymer that decorates the micelles [129].

5.2. Microemulsions Interacting with Polymers

Microemulsions (ME) are homogeneous, thermodynamically stable and finely dispersed mixtures
of oil and water stabilized by a surfactant film [130]. MEs may occur in the form of oil-in-water
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(O/W) and water-in-oil (W/O) droplets, or as bicontinuous structures [131]. O/W microemulsions
are attractive formulations for encapsulation of hydrophobic active agents, substrates, or enzymes
in aqueous environments. Dilute microemulsions have the viscosity of its continuous component
(or the average of the both for the case of bicontinuous systems) [132] irrespective of their structure.
An effective way to enhance the viscosity of droplet microemulsions is by the addition of telechelic
polymers [133–136], which is interesting as for many applications of microemulsions an enhanced
viscosity can be desirable. An example for the remarkable increase of viscosity that can be achieved by
addition of telechelic, bridging polymers is shown in Figure 10. Here one sees an increase by about
4 orders of magnitude that takes place in a rather narrow range of polymer addition (where apparently
the polymer concentration is sufficient to connect all the microemulsion droplets, which here is the
case for having about 7-8 hydrophobic stearyl stickers per microemulsion droplet).

 

Figure 10. Zero-shear viscosity η0 at 25 ◦C of the mixtures of a microemulsion (100 mM
TDMAO/35 mM decane in water) as a function of the concentration of C18-EO150-C18 measured
with a capillary viscometer until a concentration of 2 wt % and with the instrument AR-G2 above this
concentration. Solid line: η0 = 0.0016((1.54 − c)/wt %)−0.7. Dashed line: η0 = 3.6((c − 1.54)/wt %)1.7

([136]—Published by The Royal Society of Chemistry).

Another good reason for studying microemulsion networks is that they are good examples of
model transient networks. The cross-linking points are the microemulsion droplets with typically
very low polydispersity, that are located at a distance given by their number density and the telechelic
polymer that connects them has a controlled length given by its molecular weight, persistence length
and chain conformation. The stickers of the polymer solubilise into the microemulsion droplets
uniformly [137]. If the drops are further apart than the chain length, the polymer forms loops with
two ends localized in the same droplet. When the drops are closer than the end-to-end distance of
the polymer, the polymer forms bridges between two droplets. The formation of bridges leads to the
formation of clusters of droplets and, above the polymer percolation concentration, an infinite network
of droplets spans the entire volume leading to a significant increase of the viscosity [136] (Figure 7C).

Experimental results with small-angle neutron and X-ray scattering (SANS/SAXS) show that
the structure of the microemulsion droplets in terms of shape and size is not affected by the addition
of telechelic polymer. However, the polymer changes the interaction between the droplets [133–136].
The interaction has three contributions (see also Figure 8):
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(1) The interaction between the droplets without polymer (excluded volume [135] or Yukawa
repulsion for charged surfactants [138]);

(2) an entropic attraction induced by the bridging polymer [139];
(3) a soft repulsion caused by the self-excluding polymer chains between the droplets [92,140].

Depending on the relative importance of these contributions, the net interaction is attractive or
repulsive [141].

The system exhibits a phase separation between a fluid sol phase and a polymer rich network
phase when the net interaction is attractive enough [75]. The attractive interaction that leads to phase
separation has a purely entropic origin since the increase in polymer configurations overcomes the
entropy loss due to the phase separation and the formation of a dense phase [139]. Thus, it only
depends on the relative length of the polymer compared to the separation between the droplets and
not on the sticker length. It was experimentally demonstrated that the end-group does not influence
the phase behaviour [75], but phase separation can be suppressed by introducing additional repulsive
interactions [138].

Microemulsion networks exhibit viscoelastic behaviour with only one characteristic relaxation
process described by a Maxwell model [134,142]. The relaxation time of the network is given by the
residence time of the end group in the microemulsion droplet and, thus, depends on the length of the
hydrophobic end-group [143].

The effect of the polymer architecture on the structure and dynamics of ME networks has also been
studied [141,143]. Low functionality telechelic star polymers with 3 and 4 arms are able to interconnect
microemulsion droplets. Neutron scattering experiments show that the attraction induced between
the drops is larger with higher functionality polymers, which leads to a larger phase separation area in
the polymer concentration-droplet concentration space. The repulsive component of the interaction
potential, however only depends on the volume fraction of the hydrophilic chains. This leads to
the observation that the local structure of the microemulsion networks is the same for the same
polymer concentration, regardless of its functionality. Linear rheology experiments show that below
the percolation threshold the viscosity is more influenced by the volume fraction of the created clusters.
Above the percolation concentration higher polymer functionalities lead to a higher connectivity and,
thus a higher elastic modulus.

In summary, it can be stated that the addition of hydrophobically modified polymers (especially
telechelic ones) is a very attractive way of controlling the viscosity and gelation properties of otherwise
low viscous microemulsions. The obtained rheological properties are controlled via the length of the
hydrophobic sticker, the ratio of stickers per microemulsion droplets, the length of the hydrophilic
chain, and the architecture of the bridging polymer.

5.3. Vesicles Interacting with Polymers

There is less work done on the fundamental properties on vesicles compared to microemulsions
with added HM polymers. Such hydrophobically modified polymers can interact with vesicles and
interconnect them within vesicle solutions [144–148] (Figure 11A). However, the vesicle/polymer
systems are more complicated because, unlike in the case of microemulsions and micelles, the structure
of the vesicles do not necessarily remain intact upon the addition of hydrophobically modified
polymers. Anchored polymers in vesicle membranes (see Figure 11B) can have two effects: (1) change
the curvature; (2) change the membrane gel to fluid transition temperature. In any case, the addition
of hydrophobically modified linear polymers to vesicle solutions leads to the formation of networks.
These networks have higher elasticity with higher polymer concentration [144–146]. Here again, it
is necessary that the hydrophilic part of the polymer is longer than the distance between vesicle
membranes to form bridges.

Grafted polymers such as HM-chitosan also form vesicle networks [147,148]. This system is
particularly advantageous because of its biocompatibility.
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(A) (B)

Figure 11. Schematic representation of the (A) association of telechelic polymers and vesicles leading
to the formation of decorated vesicles and vesicle networks; and (B) anchoring of hydrophobically
modified polymers of different architectures to vesicle membranes.

A very interesting case has been studied with catanionic vesicles composed of sodium dodecyl
sulfate (SDS)/didodecyldimethylammonium bromide (DDAB) or sodium dodecylbenzenesulfonate
(SDBS)/cetyltrimethylammonium tosylate (CTAT) in mixtures with hydrophobically modified sodium
polyacrylate (hm-NaPA). When the vesicles are positively charged (as controlled by the SDS/DDAB
or SDBS/CTAT ratio) they will form precipitates with the oppositely charged hm-NaPA but for
the anionically charged vesicles one finds the formation of a gel already at as low concentrations
of 1.25 wt % surfactant and 0.4 wt % hm-NaPA [149]. A similar behaviour has been reported for
SDBS/CTAT vesicles when combined with hydrophobically modified (with n-dodecyl chains) chitosan,
hm-chitosan, but interestingly no gelation was observed when adding the hm-chitosan to wormlike
CTAT micelles. Here only an increase of viscosity and shift to a longer structural relaxation time takes
place [147]. Gelation at higher polymer and surfactant concentration (but still in the 1 wt % regime)
also has been reported for catanionic vesicles in the SDS/DDAB system upon admixing cationically
modified cellulose (JR400 or LM200) [150]. Further studies then demonstrated that the hydrophobic
modification present (a dodecyl chain employed for quaternization of the amine at the cellulose) in
LM200 results in a more pronounced change of the rheological properties and the formation of more
and more long-lived cross-links [144–146].

This principle of gelation was then also extended to phospholipids such as
dipalmitoylphosphatidyl-choline (DPPC) and here similar gels with hm-chitosan can be formed which
could be formulated as an injectable system for drug delivery as demonstrated with doxorubicin
as model drug [151]. This type of vesicle/hm-chitosan gel then could also be transformed into a
photoresponsive system by substituting the cationic surfactant by p-octyloxydiphenyl-iodonium
hexafluoroantimonate (ODPI). ODPI can be regarded as a cationic surfactant but upon illumination
with UV-light becomes decomposed into uncharged hydrophobic products, which leads to a
transformation of the initially present vesicles into micelles, which macroscopically is seen as gel to sol
transition [152].

6. Conclusions

This review discusses the structure and mechanical properties of gels formed by self-assembly
of amphiphilic molecules at low and moderate concentration, i.e., well below dense packing of the
molecules. There are several ways of achieving this. One way is by increasing the effective volume
fraction via the enclosure of large volumes of solvent (the case of vesicles) or through the formation of
supramolecular structures (like worm-like micelles) and network formation. The viscoelastic properties
of these materials are given by the structure and the lifetime of the network bonds. In case of densely
packed vesicles that time would be given by the cage opening of neighbouring vesicles. This time is
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typically much longer than the experimental window and thus effectively the system behaves as an
elastic solid with a yield stress. The structural properties of worm-like micelle solutions are described
by the micelle´s length, persistence length and concentration. Worm-like micelles have two relaxing
mechanisms: the breaking and reforming of the micelles and the entanglement of cross-links, both
determining the structural relaxation time τstr. In principle, worm-like micelles yield viscoelastic
solutions, but once τstr becomes sufficiently large one has effectively a gel as the flow becomes so slow
that it is not observed within the experimental window. In the case of networks of associative polymers
the number density of hydrophobic domains (polymeric or surfactant or microemulsions), the length
and functionality of the polymer determine the structure, whereas the structural relaxation is mainly
due to the residence time of the stickers in the hydrophobic domains (in the absence of entanglements).
Especially the case of microemulsions is interesting as they are able to solubilise large amounts of
active agents but for applications often a much enhanced viscosity is required as it can be obtained by
the combination with amphiphilic polymers.

Great advances in the synthesis of polymers and surfactants with controlled architecture and
chemistry have been making the field moving fast towards systems of higher complexity and
stimuli-responsiveness, where typically on has a response to changes of pH, temperature, or ionic
strength. Mostly such systems work by interconnecting hydrophobic domains in aqueous solution,
where the interaction is mostly of hydrophobic or electrostatic nature but also the chain entropy of the
polymers may play a role. Stimuli-responsive systems are particularly interesting due to the possibility
of switching from a liquid state to a gel state upon an external trigger, the same way nature does to
create biological function. Especially here further future research advancements are to be expected.

Therefore, in summary, it can be stated that it is possible to control the rheological properties of
soft matter systems largely via the principles of self-assembly and this pertains also to the situation of
forming practical gels, as they are often required for many practical formulations.
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Abstract: A new bolaamphiphile analog featuring carbamate moieties was synthesized in six steps
starting from thymidine. The amphiphile structure exhibits nucleoside-sugar polar heads attached to
a hydrophobic spacer via carbamate (urethane) functions. This molecular structure, which possesses
additional H-bonding capabilities, induces the stabilization of low-molecular-weight gels (LMWGs)
in water. The rheological studies revealed that the new bolaamphiphile 7 stabilizes thixotropic
hydrogels with a high elastic modulus (G′ > 50 kPa).

Keywords: nucleolipid; nucleoside; glycosyl; bolaamphiphiles; low-molecular-weight gels (LMWG);
carbamate; hydrogels; supramolecular assemblies; thixotropy

1. Introduction

Supramolecular gels [1] are of interest in biomedicine for several biomedical applications
including biological assays [2], wound healing [3], tissue engineering [4], or drug delivery [5].
The glycosyl-nucleoside-lipids (GNLs) [6–8] family belongs to amphiphilic structures composed
of biological units such as sugars, lipids, and nucleic acids. Because of their intrinsic supramolecular
properties, these amphiphiles have been studied as low-molecular-weight gelators (LMWGs).
Among GNLs, bolaamphiphiles [9–14], which are composed of a hydrophobic chain covalently linked
at both ends to hydrophilic head groups, have been recently reported as biocompatible LMWG-based
hydrogels suitable for the culture of stem cells [15]. The molecular architectures previously reported
exhibit lipid moieties covalently attached via ether functions (Figure 1a).

In order to improve the rheological properties of LMWG-based hydrogels, we modulated the
bolaamphiphile architectures by inserting additional hydrogen bond functions. In this design, the
hydrophobic segment is attached to the nucleobase via a triazole ring and a carbamate moiety at the
5′-position of thymidine.

Herein, we report the synthesis of a new carbamate-based bolaamphiphile, based on N-thymine
glycosylated compounds as head groups and a lipid chain attached at the 5′-position of the nucleoside
(Figure 1). The rheological studies revealed that such structures stabilize low-molecular-weight
hydrogels at different concentrations including 1%, 3%, and 4%.

Gels 2016, 2, 25; doi:10.3390/gels2040025 www.mdpi.com/journal/gels31
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Figure 1. Schematic representations of bolaamphiphile structures. (a) Bolaamphiphile structure
previously reported (see [15]). The hydrophobic segment is attached via ether functions.
(b) Bolaamphiphile structures with carbamate functions described in this study.

2. Results and Discussion

2.1. Synthesis of the Carbamate-Based Bolaamphiphiles

In order to expend the current repertoire of the bolaamphiphiles, we selected the carbamate
function to attach the hydrophobic central synthetic unit to the polar heads. The carbamate moiety,
also called urethane, is a structural function used in many approved therapeutic compounds [16].
Its functionality, which is linked to amide-ester hybrid features, displays good chemical and
biochemical stabilities. This function has been used in medicinal chemistry as a peptidic bond mimetic.
Interestingly, the carbamate function can participate in hydrogen bonding through both the carboxyl
and the NH motifs. Different hydrophilic and hydrophobic motifs can be connected to the carbamate
O- or N-termini, or both. Hence, inserting this functionality into the GNL structures would allow us to
modulate their supramolecular properties.

The synthetic strategy developed to access to the new carbamate bolaamphiphile is based
on a key intermediate 5: the 5′-desoxy-N-3-[1-((β-D-glucopyranoside)-1H-1,2,3-triazol-4-yl)methyl]
azidothymidine (compound 5, Scheme 1). The commercial starting material (thymidine) was
first alkylated at the position 3′ by using propargyl bromide in dimethylformamide (DMF) in the
presence of potassium carbonate to give compound 1 (Scheme 1). The propargyl moiety was then
“clicked” with a peracetylated azidoglucose to provide intermediate 3 with a 60% yield (Scheme 1).
The peracetylated azidoglucose 5 was then prepared due to a substitution reaction (SN2) in the
presence of triphenylphosphine (PPh3), sodium azide (NaN3), and tetrabromomethane (CBr4) in DMF.
This reaction provided the protected azidoglycoside 4 (Scheme 1, III), which was finally subjected to
Zemplen’s deacetylation to give the expected compound 5 (Scheme 1, IV). In parallel, the dicarbamate
hydrophobic central synthetic unit 6 was prepared starting from commercial 1,12-diaminododecane.
This diamine was reacted with the propargyl chloroformate to give the dicarbamate hydrophobic
spacer 6 (Scheme 1, V). The latter was thus engaged in a click reaction with two equivalents of 5 to
obtain the expected bolaamphiphile 7 with a 65% yield (Scheme 1, VI).
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Scheme 1. General synthesis (i) K2CO3, propargyl bromide, tetra-n-butylammonium iodide (TBAI),
dimethylformamide (DMF), r.t., 12 h (81%). (ii) 2, tBuOH/H2O (1:1), CuSO4, ascorbic acid, 75 ◦C,
7 h. (iii) PPh3, NaN3, CBr4, DMF, r.t., 24 h. (iv) MeONa 1% in MeOH, r.t., 30 min. (v) Propargyl
chloroformate, Et3N, CH2Cl2, r.t., 24 h. (vi) Tetrahydrofuran (THF)/H2O (1:1), CuSO4, ascorbic acid,
65 ◦C, 4 h.

2.2. Physicochemical Studies

An important goal of the present study was to determine the impact of structural modifications
(the insertion of carbamate) on the supramolecular properties. Thus, the physicochemical properties of
compound 7 were studied, including (i) the stabilization of gel in water; (ii) the rheological properties;
and (iii) the gel-sol transition temperature transition.

2.2.1. Gel Formation Assays

Bolaamphiphile carbamate 7 was dissolved in Milli-Q water to obtain gel concentrations of 1%,
3%, and 4% (w/v). To ensure complete dissolution of compounds, samples were heated at 60 ◦C and
shaken at 1250 rpm for 30 min using a Thermomixer compact (Eppendorf, Hauppauge, NY, USA).
Samples were cooled down at 4 ◦C for one day (gel at 3% and 4% (w/v)) or two days (gel at 1% (w/v)).
The samples were allowed to return at room temperature. In order to evaluate the gel formation,
samples were then turned upside-down; no flowing under its own weight indicated sample gelification.
As shown in Figure 2, compound 7 enabled homogeneous hydrogel formation at low concentrations.

 

Figure 2. Hydrogel formation at 1% (A); 3% (B); and 4% (C) (w/v).
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Gel formation was also assessed at 25 ◦C. However, using the same parameters (sonication,
heating, and storage at RT), no homogeneous gel was observed. After incubation at 25 ◦C, gel formation
occurred at the bottom of the test tube, and some non-gelified water remained above. Longer storage
at room temperature (2 or 3 days up to one week) did not improve the stabilzation of the sample.

2.2.2. Rheological Studies

The mechanical properties of hydrogels stabilized by bolaamphiphile 7 were characterized by
rheological measurements. The storage (G′) and loss (G′ ′) moduli provided information about the
visco-elastic properties of gels. The frequency dependence of G′ and G′ ′ moduli for the hydrogel
stabilized by compound 7 (4% w/v) indicates that G′ exceeded G′ ′ below a strain of 0.5% and an
angular frequency 1 Hz (data not shown). The hydrogel stabilized by 7 exhibits a dominant elastic
character (solid-like) as expected for a supramolecular network. The G′ value is 57 kPa at an angular
frequency of 1 rad/s for the hydrogel at 4% w/v. Importantly, compared with the ether analogue
(Figure 1a), which possesses a G′ value is 30 kPa in similar rheological conditions, the elastic character
of the hydrogel improved with the bolaamphiphile 7. This behavior is likely due to the presence of
carbamate functions in the amphiphile structure. The thixotropic property of the hydrogel 7 was also
studied by rheology. The application of a high strain to the sample induces a melting of the gel; this
phenomenon was studied by the evolution of the viscoelastic moduli (Figure 3). First, a low strain
of 0.04% was applied to hydrogel 7 at 4% (w/v). In the gel state, G′ was higher than G′ ′. Then, the
hydrogel 7 was suddenly subjected to a higher strain of 15%. At this point, the G′ value was much
lower, indicating that the gel liquefies under the stress. With a strain of 0.04% (as in the first step), the
sample gradually returns to the gel state and recovers its original strength. The G′ value increases
rapidly, and the sample completely recovers to its initial elastic modulus within 30 min.

Figure 3. Step-strain measurement of 4% (w/v) hydrogel at fixed angular frequency of 1 Hz. The gel
was swept from 0.04% to 15% strain and then back to 0.04% strain. This analysis was repeated at least
three times for reproducibility assessment.

2.2.3. Gel–Sol Transition Temperature (Tgel)

The gel–sol transition temperature was determined by rheology (Kinexus® Pro+ rheometer).
A temperature ramp from 25 ◦C to 60 ◦C (3 ◦C/min) was used to liquefy the carbamate-based hydrogel.
The gel–sol temperature was recorded at the transition between gel and liquid states. An oscillatory
stress of 3 Pa and a constant frequency (6.283 rad·s−1) were applied during the assay. Graphically,
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the gel–sol temperature is characterized by the intersection of the two viscoelastic moduli G′ and G′ ′.
The melting point was observed at 36.3 ◦C (Figure 4), which is close to 37 ◦C. This hydrogel could be of
interest to the areas for which biomaterials must melt slowly close to 37 ◦C, such as in the transdermal
delivery of drugs.

 
Figure 4. Gel–sol transition temperature determination for bolaamphiphile 7 hydrogel (4% (w/v)).

3. Conclusions

In order to expend the current family of glycosyl-nucleoside-lipids, we synthesized a
new bolaamphiphile analog featuring carbamate moieties in six steps starting from thymidine.
This bioinspired amphiphile, which possesses additional H-bonding capabilities, allows the formation
of low-molecular-weight gels (LMWGs) in water at low concentrations (1% w/v). Importantly, the
rheological investigations revealed that the new bolaamphiphile 7 stabilizes hydrogels with higher
elastic moduli (G′ < 50 kPa) than the diether analogs (G′ ≈ 30 kPa) reported previously [15], indicating
that the carbamate function contributes favorably to the supramolecular network. As a matter of
comparison, dipeptide-based LMWGs previously reported [17] show lower elastic moduli than
the bolaamphiphile 7 (aka Glycosyl Nucleoside Bola Amphiphile carbamate or GNBA carbamate)
hydrogels. The rheological studies also revealed thixotropic properties, emphasizing the possible
injectability of the carbamate-based hydrogels.

The molecular approach developed in this report, namely the insertion of hydrogen bond functions
in a bolaamphiphile architecture, will be used in the future for the design of new glycosyl-nucleoside
lipids for biomedical applications.

4. Materials and Methods

4.1. General

All commercially reagents and solvents (Alfa-Aesar, Karlsruhe, Germany; Fluka and
Sigma-Aldrich, Saint Quentin Fallavier, France) were used without further purification. For reactions
requiring anhydrous conditions, dry solvents were used under an inert atmosphere (nitrogen or argon).
Analytical thin layer chromatographies (TLC) were performed on pre-coated silica gel F254 plates
with a fluorescent indicator (Merck, Fontenay sous Bois, France). The detection of compounds was
accomplished with UV light (254 nm). All compounds were characterized using 1H and 13C nuclear
magnetic resonance (NMR) spectroscopy (Bruker Avance DPX-300 spectrometer, Wissembourg, France;
1H at 300.13 MHz and 13C at 75.46 MHz). Assignments were made by 1H-1H COSY, DEPT, and HSQC
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experiments. Chemical shifts (δ) are given in parts per million (ppm) relatively to tetramethylsilane
(TMS) or residual solvent peaks (CHCl3: 1H: 7.26 ppm, 13C: 77.0 ppm). Coupling constants J are given
in Hertz (Hz); peak multiplicity is reported as follows: s = singlet, bs = broad singlet, d = doublet,
t = triplet, and m = multiplet. High-resolution mass spectra (HRMS) were performed by the CRMPO
(Rennes, France) on a Thermo Fisher Q-Extractive mass spectrometer (Waltham, MA, USA) equipped
with an ESI source and recorded in negative mode.

4.2. Synthesis

N-3-Propargylthymidine (1)

Propargyl bromide (80% soln. in toluene, 2.68 g, 18.5 mmol) was added to a mixture of thymidine
(3 g, 12.3 mmol), potassium carbonate (2.5 g, 18.5 mmol) and tetra-n-butylammonium iodide (TBAI)
(0.45 g, 1.2 mmol) in anhydrous DMF (60 mL). The reaction mixture was stirred for 12 h at room
temperature. After concentration to dryness under reduced pressure, water was added to the solid
residue, and the product was extracted with ethyl acetate. The organic layer was separated, washed
(aqueous 10% KCl then brine), dried (Na2SO4), and evaporated to give a yellow oil used in the next
step without further purification, with a crude yield of 2.82 g (81%).

1H NMR (CDCl3) δ 1.93 (s, 3H, CH3), 2.17 (t, J = 2.4 Hz, 1H, CH propargyl), 2.28–2.37 (m, 2H,
H-2′), 2.49 (t, J = 2.4 Hz, 2H, CH propargyl), 3.81–3.93 (m, 2H, H-5′), 3.98–4.01 (m, 1H, H-4′), 4.52–4.57
(m, 1H, H-3′), 4.68 (d, 2H, CH2 propargyl), 6.29 (t, J = 6.6 Hz, 1H, H-1′), 7.58 (s, 1H, H-6 thymine).

1-Deoxy-1-azido-2,3,4,6-tetra-O-acetyl-β-D-glucopyranose (2)

Sodium azide (3.90 g, 60 mmol) was added to a mixture of 2,3,4,6-tetra-O-acetyl-β-
D-glucopyranosyl bromide [18] (8.22 g, 20 mmol) in anhydrous DMF (100 mL). After stirring for 24 h
at 65 ◦C, the mixture was cooled to room temperature and poured into water (200 mL). The resulting
solid was filtered off, washed with water, and dried under vacuum, with a crude yield of 6.92 g (92%).
NMR data were identical with those obtained from a commercial sample of the product.

N-3-[1-((β-D-Glucopyranosidetetraacetate)-1H-1,2,3-triazol-4-yl)methyl]thymidine (3)

Copper sulfate (0.260 g, 1.63 mmol) and sodium ascorbate (0.645 g, 3.26 mmol) were successively
added to a degassed suspension of (1) (4.59 g, 16.3 mmol) and 1-deoxy-1-azido-2,3,4,6-tetra-O-acetyl
glucopyranose (2) (6.085 g, 13.3 mmol) in 100 mL of tBuOH/H2O (1:1). The mixture was stirred at
75 ◦C for 7 h. After cooling to room temperature, the solvents were removed under reduced pressure.
The resulting solid was washed with water until the washings were colorless. After drying under high
vacuum, the resulting white amorphous solid was used in the next step without further purification,
with a crude yield of 8.65 g (81%).

1H NMR (MeOD) δ 1.94 (s, 3H, CH3 thymine), 1.81, 2.00, 2.06 (3s, 12H, OAc), 2.22–2.32 (m, 2H,
H-2′), 3.72–3.85 (m, 2H, H-5′), 3.91–0.94 (m, 1H, H-4′), 4.15–4.26 (m, 2H, H-6), 4.30–4.36 (m, 1H, H-3′),
4.39–4.43 (m, 1H, H-5), 5.16–5.30 (m, 3H, H-4 + CH2 triazole), 5.52 (dd, J = 9.3 Hz, 1H, H-3), 5.60 (dd,
J = 9.3 Hz, 1H, H-2), 6.1 (d, J = 9.0 Hz, 1H, H-1), 6.33 (t, J = 6.7 Hz, 1H, H-1′), 7.89 (s, 1H, H-6 thymine),
8.17 (s, 1H, CH triazole).

5′-Deoxy-N-3-[1-((β-D-glucopyranosidetetraacetate)-1H-1,2,3-triazol-4-yl)methyl] azidothymidine (4)

Triphenylphosphine (825 mg, 3.15 mmol), sodium azide (950 mg, 13.1 mmol), and carbon
tetrabromide (1.05 g, 3.15 mmol) were added to a solution of (3) (1.5 g, 2.63 mmol) in anhydrous DMF
(25 mL). The reaction mixture was stirred at room temperature for 24 h and then treated with 5%
aqueous NaHCO3 (50 mL). After extracting with dichloromethane, the organic solution was washed
with water, followed by drying over Na2SO4, and concentrated under a reduced pressure. The crude
product was purified by column chromatography, eluting with a step gradient of MeOH in CH2Cl2
(0%–5%) to give the title compound as a white amorphous solid, with a yield of 652 mg (36%).
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1H NMR (CDCl3) δ 1.94 (s, 3H, CH3 thymine), 1.83, 2.01, 2.05, 2.08 (4s, 12H, OAc), 2.16–2.25 (m, 1H,
H-2′a), 2.36–2.44 (m, 1H, H-2′b), 3.55–3.75 (m, 2H, H-5′), 4.01–4.05 (m, 1H, H-5), 4.06–4.10 (m, 1H, H-4′),
4.14–4.46 (m, 2H, H-6), 4.45 (m, 1H, H-3′), 5.14–5.25 (m, 3H, CH2 triazole + H-4), 5.35–5.48 (m, 2H,
H-2, 3), 5.84 (d, J = 9.0 Hz, 1H, H-1), 6.33 (dd, J = 6.7 Hz, 1H, H-1′), 7.37 (s, 1H, H-6 thymine), 7.87
(s, 1H, CH triazole); 13C NMR (CDCl3) δ 13.45 (CH3), 20.31, 20.65, 20.85 (OAc), 36.02 (CH2 triazole),
40.48 (C-2′), 52.33 (C-5′), 61.63 (C-6), 67.72 (C-4), 70.26, 72.82 (C-2, 3), 71.51 (C-3′), 75.15 (C-5), 84.49
(C-4′), 85.62, 85,70 (C-1, 1′), 110.57 (C-5 thymine), 122.60 (CH triazole), 134.04 (C-6 thymine), 143.82
(C-4 triazole), 150.68, 163.06 (C=O thymine), 168.97, 169.48, 170.13, 170.76 (C=O acetyl); HRMS m/z
calcd. for C27H34N8O13Na 701.21375 [M + Na]+, found 701.2138.

5′-Deoxy-N-3-[1-((β-D-glucopyranoside)-1H-1,2,3-triazol-4-yl)methyl]azido thymidine (5)

A stirred suspension of (4) (1.1 g, 1.62 mmol) in anhydrous methanol (20 mL) was treated with
a few drops of freshly prepared 1N sodium methoxide solution at room temperature. When TLC
(CH2Cl2/MeOH 8:2) showed complete conversion (approx. 30 min), the reaction mixture was treated
with Dowex® 50X2 (Sigma-Aldrich). After filtration, the solvent was removed under reduced pressure.
The solid residue was applied to a column of silica gel, and the product eluted with 8:2 CH2Cl2-MeOH
to afford the title compound as a white amorphous solid, with a yield of 0.853 g (77%).

1H NMR (MeOD) δ 2.07 (s, 3H, CH3), 2.41–2.43 (m, 2H, H-2′), 3.46–3.64 (m, 5H, H-3, 4, 5 + H-5′),
3.68–3.74 (m, 1H, H-6a), 3.85–3.92 (m, 2H, H-2 + H-6b), 4.06+4.13 (m, 1H, H-4′), 4.46–4.51 (m, 1H, H-3′),
5.36 (s, 2H, CH2 triazole), 5.60 (d, J = 9.2 Hz, 1H, H-1), 6.45 (dd, J = 6.7 Hz, 1H, H-1′), 7.73 (s, 1H,
H-6 thymine), 8.26 (s, 1H, CH triazole); 13C NMR (MeOD) δ 14.12 (CH3), 38.00 (CH2 triazole), 41.22
(C-2′), 54.16, 71.69, 79.22, 81.92 (C-3, 4, 5, 5′), 63.21 (C-6), 73.21 (C-3′), 74.77 (C-2), 87.21 (C-4′), 88.02
(C-1′), 90.41 (C-1) 112.00 (C-5 thymine), 125.16 (CH triazole), 137.19 (C-6 thymine), 143.19 (C-4 triazole),
152.94, 165.64 (C=O); HRMS m/z calcd. for C19H26N8O9Na 533.17149 [M + Na]+, found 533.1716.

1,12-Dodecanediyl-bis-N-propargylcarbamate (6)

Triethylamine (1.06 g, 10.5 mmol) and propargyl chloroformate (1.18 g, 10 mmol) were added
to a cooled (0 ◦C) suspension of 1,12-diaminododecane (1 g, 5 mmol) in anhydrous dichloromethane
(40 mL) over 30 min, and stirring continued for a further 24 h at room temperature. The reaction
mixture was poured into water 40 mL), and the organic phase separated. The aqueous phase was
extracted with dichloromethane, the organic extracts combined, dried (Na2SO4), and the solvent
removed under reduced pressure. The product was purified by column chromatography eluting with
CH2Cl2/MeOH (99:1 then 98:2) and obtained as a white amorphous solid, with a yield of 0.728 g (40%).

1H NMR (CDCl3) δ 1.27 (s, 16H, CH2), 1.49–1.53 (m, 4H, CH2CH2N), 2.49 (t, J = 2.4 Hz, 2H, CH
propargyl), 3.20 (dt, J = 6.4, 13.3 Hz, 4H, CH2CH2N), 4.69 (d, 4H, CH2 propargyl) ; 13C NMR (CDCl3)
δ 26.66, 29.20, 29.46 , 29.83 (CH2), 41.16 (CH2N), 52.30 (CH2 propargyl), 74.51 (CH propargyl), 78.38
(Cq propargyl), 155.41 (C=O).

1,12-Diaminododecanediyl-N,N′-bis-[5′-(4-methyloxycarbonyl-1H-1,2,3-triazole-1-yl)-N-
3-((1-(β-D-glucopyranoside)-1H-1,2,3-triazole-4-yl)methyl)-5′-deoxy thymidine] (7)
(GNBA-carbamate)

Copper sulfate (18.8 mg, 0.118 mmol) and sodium ascorbate (46.8 mg, 0.236 mmol), were
successively added to a degassed suspension of (6) (0.215 g, 0.59 mmol) and (5) (0.546 g, 1.18 mmol) in
20 mL of H2O/THF (1:1). The mixture was stirred at 65 ◦C for 4 h. After cooling to room temperature,
the solvents were removed under reduced pressure. The resulting solid was applied to a column of
silica gel eluting with CH2Cl2/MeOH (8:2 to 7:3) to give the title compound as a white amorphous
solid, with a yield of 492 mg (65%).

1H NMR (MeOD) δ 1.30 (s, 16H, CH2), 1.42–1.51 (m, 4H, CH2CH2NH(CO)), 1.93 (d, J = 1.0 Hz,
6H, CH3 thymine), 2.31 (dd, J = 6.2 Hz, 4H, H-2′), 3.08 (dd, J = 6.9 Hz, 4H, CH2NH(CO)), 3.36–3.56
(m, 6H, H-3, H-4, H-5), 3.68–3.73 (m, 2H, H-6a), 3.85–3.92 (m, 4H, H-2, H-6b), 4.16–4.21 (m, 2H, H-4′),
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4.40–4.46 (m, 2H, H-3′), 4.72–4.76 (m, 4H, H-5′), 5.13 (s, 4H, triazole CH2O), 5.52 (s, 4H, triazole CH2N),
5.56 (d, J = 9.2 Hz, 2H, H-1), 6.21 (dd, J = 6.7 Hz, 2H, H-1′), 7.24 (d, 2H, H-6 thymine), 7.97 (s, 2H, H
triazole), 8.06 (s, 2H, H triazole); 13C NMR (MeOD) δ 11.76 (CH3 thymine), 26.39 (CH2), 28.95, 29.19,
29.43 (CH2 & CH2CH2O), 35.68 (CH2N triazole), 38.13 (C-2′), 40.43 (CH2NH(CO)), 51.17 (C-5′), 57.02
(OCH2 triazole), 60.96 (C-6), 69.44, 77.00, 79.70 (C-3, C-4, C-5), 71.00 (C-3′), 72.52 (C-2), 84.23 (C-4′),
86.77 (C-1′), 88.18 (C-1), 109.80 (C-5 thymine), 122.84, 125.44 (CH triazole), 135.49 (C-6 thymine), 143.16,
143.37 (C-4 triazole), 150.54, 163.37 (C=O), 157.01 (OC=O); HRMS m/z calcd. for C58H84N18O22Na
1407.58998 [M + Na]+, found 1407.5897.

4.3. Rheology

All rheological measurements were made using a Kinexus® Pro+rheometer (Malvern Instruments
Ltd., Orsay, France). The lower plate was equipped with a Peltier temperature control system and the
upper plate was a steel plate–plate geometry (20-mm diameter, gap: 0.3 mm). All experiments were
done at 25 ◦C ± 0.01 ◦C unless indicated otherwise. To prevent water evaporation and to control the
temperature, a solvent trap was used. A sample of bolaamphiphile 7 was placed as a gel between the
two plates before assays. All experiments were carried out within the linear viscoelastic regime (LVR).
It was determined by an amplitude strain sweep experiment (0.01% to 10% at an angular frequency of
1 Hz or 6.283 rad·s−1). Then, a frequency sweep assay (0.6283 to 62.83 rad·s−1; applied strain of 0.04%
within LVR) allowed the evaluation of elastic (G′) and viscous (G′ ′) moduli. At least three replicates
were analyzed for each sample.
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Abstract: Supramolecular polysaccharide-based hydrogels have attracted considerable research
interest recently due to their high structural functionality, low toxicity, and potential applications in
foods, cosmetics, catalysis, drug delivery, tissue engineering and the environment. Modulation of
the stability of hydrogels is of paramount importance, especially in the case of stimuli-responsive
systems. This review will update the recent progress related to the rational design of supramolecular
hydrogels with the objective of understanding the gelation process and improving their physical
gelation properties for tailored applications. Emphasis will be given to supramolecular host–guest
systems with reference to conventional gels in describing general aspects of gel formation. A brief
account of the structural characterization of various supramolecular hydrogels is also provided
in order to gain a better understanding of the design of such materials relevant to the nature of
the intermolecular interactions, thermodynamic properties of the gelation process, and the critical
concentration values of the precursors and the solvent components. This mini-review contributes to
greater knowledge of the rational design of supramolecular hydrogels with tailored applications in
diverse fields ranging from the environment to biomedicine.

Keywords: gel; sol; aggregation; cyclodextrin; hydration

1. Introduction

Polymer gels are generally defined as 3D networks swollen by a large amount of water [1].
In particular, polysaccharide-based hydrogels are important due to their diverse chemical structure
and rich functionality [2,3]. In general, gels play a vital role in the biomedical field (e.g., contact
lenses and ocular implants, wound dressing, tissue regeneration and engineering) [4–8], in the
environment [9–12], food processing [13] and personal care products such as cosmetics and disposable
diapers [14]. Most recently, polysaccharide-based hydrogels have found application in agriculture
as controlled-release devices for fertilizers and agrochemicals [15]. Additional applications include
the use of self-healing pH sensitive superabsorbent polymers to self-seal cracks in concrete [16,17].
A number of responsive hydrogel systems based on natural and synthetically modified polysaccharides
have been reported. For example, significant contributions on responsive systems are reported
by the research groups of Rinaudo [18–21], Saito [22], and others [5,6,23–25]. Polysaccharides are
abundant and readily available from renewable sources such as plants and algae, and various microbial
organisms [26]. Such polysaccharides have a large variety of compositional and structural properties,
making them facile to produce and versatile for gel formation as compared with synthetic polymers.
Selected examples of natural polysaccharides for the preparation of stimuli-responsive hydrogels are
listed in Table 1.

In contrast to conventional gel formation, the combined use of polymer chains along with stable
and selective supramolecular cross-links offer versatile constructs that afford facile modification
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of structural parameters of the polymer backbone that include the strength and dynamics of
cross-linking interactions, and responsiveness to multiple stimuli [27]. Supramolecular hydrogels
(or aqua gels) are hydrophilic materials which undergo self-assembly to form 3D continuous networks
of macromolecules, where water resides within the interstitial domains of the polymer network [28,29].
Supramolecular hydrogels are a relatively new class of soft and responsive materials of great research
interest owing to the broad application of such systems in areas that range from tissue engineering and
carrier systems [30] to environmental remediation [31]. The formation of supramolecular materials
through host–guest interactions is a powerful method to create non-conventional stimuli-responsive
hydrogels. This relates to the host–guest interactions present which can be modulated to fine tune
the stability and responsiveness of the resulting gel system based on the choice of macromolecular
scaffold. Numerous studies have been reported on supramolecular hydrogels that show reversible
response to environmental stimuli; however, the responsive behaviour of many of these materials often
depend on the inherent properties of the building blocks rather than the resulting supramolecular
interactions. Examples of inherent responsive hydrogel systems include the temperature-induced
rod-to-coil transition of poly(N-isopropyl acrylamide) (PNIPAM) [32–34] and oligo(ethylene glycol)s
(OEGs) [35,36], the pH induced-protonation of poly(vinyl pyridine) [37,38], and the photosensitive
behaviour of azobenzenes [4,39,40].

Table 1. Selected examples of polysaccharide biopolymers reported for the preparation of hydrogels.

Origin Gelator/Precursor Responsive Feature References

Plant cell walls, wood,
seeds, & roots Pectins, cellulose, galacto-/gluco-mannans Chemical species (arsenic),

pH, & temperature [21,25,26,41]

Seaweeds Carrageenans, alginates, agar Light, & temperature [5,42–45]

Animals, organisms,
bacteria

Hyaluronan, chitosan, chondroitins,
xanthan, succinoglycan, gelatin, gellan Temperature, & pH [19,46–50]

Sugars Cyclodextrins, galactose, glucose Redox, light, temperature,
& chemical species [25,51–54]

Host–guest carbohydrate-based hydrogels that employ macrocyclic building blocks such as
cyclodextrins (CDs) as porogens [48,52–57] are unique for various reasons: (i) tunable physicochemical
properties (e.g., mechanical stability, viscosity, etc.); (ii) specificity and effectiveness of the host–guest
molecular recognition that lead to stable hydrogel structures; and (iii) wide applications of host–guest
hydrogels in various fields such as the environment, biomedicine, delivery systems, and food
technology. In general, the formation of supramolecular-based hydrogels occur via two processes;
either through self-assembly of monomer units to form aggregates that gelate in aqueous solvents,
or derived from polymer units and/or host–guest interactions via multi-component inclusion systems
that contain macromolecular scaffolds [19,51]. The latter is used to form hydrogels based on CD
macromolecules as the key building block. Unlike chemical gels which involve covalent bonding
(e.g., divinyl sulfone cross-linked gellan gels [58]), physical gel formation occurs via multiple,
weak non-covalent interactions (e.g., H-bonding, π–π and van der Waals interactions, and hydrophobic
effects) [51,59].

Despite recent research advances in physical supramolecular hydrogels, the rational design
of such systems is sparsely reported. This knowledge gap poses a significant challenge for the
use of these materials for specific applications. Specifically, the optimization of the strength of
supramolecular hydrogels is important, especially in the case of stimuli-responsive hydrogels.
For example, temperature sensitive hydrogels can encapsulate drugs during the gelation process
and the duration or rate of their release at the site of action will depend on the stability of the
hydrogels [60]. Thus, the tunability and responsive nature of such materials depend on several factors,
such as the solute–solute and solute–solvent interactions, for the gelation process. Yui et al. [61,62]
and Zhao et al. [63] have reported an approach for improving the stability of hydrogels by tuning
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the hydrophile–lipophile balance (HLB) of the precursor materials as a way of stabilizing the
macromolecular assembly. The stability of the supramolecular assembly can be tuned by varying the
nature and relative feed ratios of the host/guest system or the precursor materials [23]. Furthermore,
the role of the aqueous solvent on the hydrogel stability is significant [20], according to the HLB of the
system. This mini-review presents a coverage of the literature in the past five years concerning the
physicochemical properties and structural variables that can be tuned to improve the formation and
stability of hydrogels for tailored applications. Examples of spectroscopic (e.g., NMR, XRD, and FT-IR)
and microscopic (e.g., TEM and SEM) studies related to the rheological and structural information of
the hydrogel assembly will be presented in order to gain a greater understanding of the rational design
of these materials. In particular, the nature of the intermolecular interactions, the thermodynamic
properties of the gelation process, and the critical concentration of the precursors and the solvent will
be reviewed. Because of their low toxicity, and potential applications in foods, cosmetics, drug delivery,
tissue engineering and catalysis, attention will be directed to polysaccharide-based hydrogels with a
special emphasis on CD-based host–guest hydrogel systems.

2. The Structure of Supramolecular Hydrogels

2.1. Design Strategy of Hydrogels: Mechanism of Gelation

Many gels are formed by simply heating a gelator or mixture of gelators in aqueous, organic or
a co-solvent system to form a solution, followed by cooling. To gain a greater understanding of the
mechanism of gel formation, the system may be categorized by the primary (1◦), secondary (2◦),
and tertiary (3◦) structure [64]. The 1◦ structure is determined by the molecular level recognition
(e.g., host–guest interactions) that is largely influenced by nonspecific hydrophobic interactions.
The 2◦ and 3◦ structures are determined by the molecular associations of individual polymer chains
and their subsequent aggregation to form gels, respectively. In the case of host–guest systems,
the formation of poly-pseudorotaxanes (PPRs) by threading a polymer chain into a series of CD
cavities is one of the most common known self-assembly motifs in supramolecular hydrogels [54,65].
Strong hydrogen bonds between the adjacent PPRs function as non-covalent (physical) cross-links
that lead to microcrystalline aggregation, thus promoting physical gel formation. A challenge for
polysaccharide biopolymer gels concerns the molecular mechanism of non-covalent cross-linking in
stimuli-reversible gelation. Generally, this is due to the role of non-covalent interactions; namely,
H-bonding, hydrophobic and electrostatic interactions that result as the 3D networks are formed [66,67].
Moreover, the gelation process of many biopolymers is preceded by a transition from a random coil
state to an ordered helix conformation, where the subsequent aggregation of the helices forms an
extended network [67,68], as shown in the relationship below.

Coil → Helix → Gel (1)

The coil–helix (or coil–globule) transition in relationship (1) above is manifested as a volume phase
transition (VPT) on a macroscopic level, where polymer gels can exist in either swollen or collapsed
phases [35], as illustrated in Scheme 1.

VPT occurs between the phases in response to chemical and/or physical stimuli, such as
temperature and pH, as a result of modification of the HLB of the system. For gelation to occur,
the helix formation must lead to association and branching (or aggregation) of the polymer strands
to form an infinite 3D network. Two possible mechanisms for association and branching occur as
described in Figure 1. In Figure 1a, the association and branching may occur on the helical level, i.e.,
the formation of the helices and the aggregation of the polymer strands occur simultaneously. This is
the classical mechanism of gelation which has been observed in many polysaccharide gels [47,68,69].
By comparison, Figure 1b represents a network formation at the super-helical level, where fully
developed helices undergo self-assembly and aggregation to form a gel. Other more complex
mechanisms which are beyond the scope of this mini-review have been proposed [70].
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Scheme 1. Phase transition of a gel indicated as a reversible and discontinuous volume change in
response to various stimuli. Redrawn from [67].

Figure 1. Schematic representations of possible mechanisms of network formation in helical gels:
gelation on: (a) the helical level; and (b) super-helical level. Reproduced from [68] with permission.
Copyright 1994 American Chemical Society.

2.2. Volume Phase Transition (VPT) in Polymer Gels

Knowledge of the phase transitions in polymer gels is essential for establishing a greater
understanding of the fundamentals underlying the associative interactions and molecular recognition in
polymer networks. This effect occurs because the process of cross-linking of supramolecular assemblies
in aqueous solution is known to result in VPTs as a function of external stimuli (cf. Scheme 1).
The gel VPT was first predicted in 1968 by Dušek and Petterson, using the Flory–Huggins (FH) theory for
polymer solutions [71]. A discontinuous volume change of a gel based on the analogy of the coil–globule
transition of a polymer in a solution was reported, as depicted in Scheme 1. The thermodynamics of
VPT of gels were described by Shibayama and Tanaka [72], where different competing interactions
(e.g., Coulomb interactions between charged groups and counterions, van der Waals, hydrophobic,
electrostatic, and hydrogen bonding interactions) control the gel size. For example, in the case of
the volume phase transition of N-isopropylacrylamide (NIPA) gel [73], the enthalpic contribution
due to hydrophobic interactions lead to gel collapse and entropic contributions due to the rubber
elasticity that favour swelling of the gel. Therefore, gel size is determined by a simple additivity of
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the enthalpy/entropy contributions to the overall Gibbs energy of the process. The phenomenon of a
gel phase transition resembles the gas-liquid phase transition. Thus, a discontinuous phase transition
can be observed depending on the degree of ionizable groups and stiffness of the polymer chains that
constitute the 3D network [18]. Theoretically, the swelling of a gel is determinable by minimizing the
Gibbs energy per polymer segment with respect to polymer density or alternatively by modulating
the pressure. The FH theory is an oversimplified mean-field theory which quantitatively describes the
phase transition of a polymer network, where the Gibbs energy of a gel can generally be written as:

ΔG = ΔGrubber + ΔGcounterion + ΔGmixing (2)

The terms on the right side of Equation (2) correspond to the Gibbs energy of rubber elasticity,
ionization, and mixing, respectively. The terms for the total number of persistent (monomer) units
and the polymer–solvent interaction energy, the number of ionized groups per chain, and a set of
virial terms including the charge-charge repulsion, are contained within the generalized FH equation.
Using the FH equation of state, Dušek and Patterson [71] concluded that a discontinuous volume
change of a gel occurs when an external stress is imposed upon it. Generally, the VPT described
by the oversimplified FH equation relate to polymer–solvent interactions and the tendency of the
polymer chains to either repel (swell) or attract (contract) each other. Therefore, the role of the solvent
in gel formation cannot be over emphasized. However, many studies have traditionally focused on
solute–solute (intrinsic) interactions as the source of both binding enthalpy and recognition in the
polymer self-assembly. In part, this relates to a limited understanding of the role of solvent effects in
gel systems. The separation of the actual enthalpy of binding into an intrinsic (solute–solute) enthalpy
(ΔHi) and the enthalpies of solution for the bound (ΔHb) and unbound (ΔHu) species is shown by the
Born–Haber cycle as presented in Scheme 2. The association of polymer chains in solution is therefore
composed of solute- and solvent-associated processes.

Scheme 2. Born–Haber cycle showing separation of the actual (measured) enthalpy (ΔHactual) into
intrinsic enthalpy (ΔHintinsic) and the enthalpy of solution values for the bound (ΔHs,b) and unbound
species (ΔHs,u). The physical states of the reactants and products are not shown.

2.3. Classification of Polysaccharide-Based Gels

Polysaccharide-based physical hydrogels can be classified according to various criteria [8,74–76],
such as the source of the precursors, polymer composition, polymer configuration, type of cross-linking,
and so on. In this mini-review, attention is made on the polymer composition as a basis to classify
polysaccharide hydrogels. The method of gel preparation leads to the formation of some important
classes of hydrogels, namely, homo-polymer, co-polymer, and multi-polymer inter-penetrating
networks (IPNs).
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2.3.1. Single Component Homo-Polymer Gels

These types of gels are derived from a single species of monomer unit. Meena et al. [45]
and Yoshida and Takahashi [49] reported χ-carrageenan and gellan as respective examples of
polysaccharide-based single component thermo-reversible gels. Hydrogels reported by Jung et al. [51]
represent single component polymer-based gels. Swellable functionalized starch and cellulose materials
can also exist as 3D networks in water and may form hydrogels that are responsive to changes in
temperature and pH [12]. Self-inclusion complexes of functionalized β-CD may exist as supramolecular
polymers in water and undergo hydrogel formation [77]. The mechanism of the gelation in single
component thermo-responsive hydrogels has been studied by X-ray diffraction and optical rotation
studies. The process is based on the dissolution of the gelator material at high temperature, formation
of double helices upon cooling, followed by aggregation of these helices [47], as described above.
Stabilization of the double-helix is achieved by inter-chain H-bonding interactions. Gels based on
aggregation of triple helices are also known [22]. Other examples of single component polymer gels
were reported by Jejurikar et al. [42]. These gels were prepared from Ca2+ and Ba2+ cross-linked
alginate materials. In the case of ionic cross-linked polymer gels, the structure that invokes the double
helix is mimicked by cross-linking of specific polymers using multivalent counterion species such
as Ca2+. Thermal induced formation of single component polymer-based gels were reported using
chitosan derivatives [46] where such systems form due to the presence of hydrophobic interactions.
The ability of such systems to form gels depends on the density and length of the hydrophobic side
chains. Phase separation is related to hydrophobic chain segregation as the main mechanism of gel
formation [46].

2.3.2. Two Component Co-Polymer Gels

Co-polymer gels are composed of two types of interacting systems where one type is hydrophilic
in nature. Host–guest complexes containing CDs (e.g., β-CD with cholesterol [78]) represent the
simplest examples of co-polymer hydrogels formed from two polymers/components (where one
or both are saccharides). Two component polymer gels can be formed from: (1) two non-gelling;
(2) one gelling and one non-gelling; or (3) two gelling polymers. The mechanism of gel formation
in this class of materials involves specific interactions (mostly H-bonding and/or hydrophobic,
electrostatic, and π–π interactions) that give rise to gels whose properties depend on the structure of
each polymer, as well as the relative concentration of each component [21]. In general, the structural
characterization of the resulting gel due to the combination of two polysaccharides is dependent on
variable factors. However, the structure will be governed partly by the kinetics of phase separation
and the viscosity of the materials. An example of category (1) gels is a mixture of xanthan and
galacto- or glucomannans. Examples of category (2) gels are dextran (non-gelling)/amylose (gelling)
and galactomannan (non-gelling)/χ-carrageenan (gelling) mixtures [79]. The characterization of
category (2) gels has been the subject of controversy among researchers. Some reports suggest that
interpenetrating networks (IPNs; Section 2.3.3) of the two polymers are formed, while others suggest
a phase separated entrapment of the non-gelling polymer within the gel network. Category (3) gels,
e.g., agarose/χ-carrageenan mixture, form gels based mainly on IPNs. Evidence of IPNs relate to their
formation by independent gelation of each polysaccharide, where a network of one polymer is formed
followed by that of a second polymer in an independent fashion.

Pseudo-copolymer systems based on multi-component host–guest polysaccharide-based gels have
been extensively studied [1]. For example, Yui and coworkers [61,62] have prepared thermo-reversible
supramolecular hydrogels using dextran or chitosan as hydrophilic backbones and short PEG or
PPG side chains for inclusion complexation with CDs. The mechanism of gelation for these types of
hydrogels is based on the phase separation of the hydrated backbone (e.g., dextrans or chitosan) and
the hydrophobic-driven aggregation of inclusion complexes via physical cross-linking (cf. Scheme 3).
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Scheme 3. Hypothetical structure of a polymer network showing a chitosan backbone (purple line)
with hydrophilic PEG pendants (red lines) and CD pendants (toroid).

2.3.3. Multi-Polymer Inter-Penetrating Networks (IPNs)

This category represents an important class of hydrogels combined of at least two polymers as a
network assembly, where at least one component is independently synthesized and/or cross-linked
in the presence of the other component without the formation of any covalent bonds [80]. Generally,
IPNs are synthesized for the purpose of combining individual properties of two or more polymers.
In many cases, new properties which are not observed in the single networks are observed in the
prepared gel [43,81]. Various polysaccharides are used to prepare IPN-based gels, such as alginate,
dextran, xanthan, chitosan, and guar gum [43,82].

2.4. Solvent–Gelator Interactions

Solvent interactions have a significant influence on the self-assembly of gels since the
solvent constitutes about ~99% of the system by weight. Many biophysical processes in
nature, such as enzyme–substrate interactions, the self-assembly of bilayers in biomembranes,
surfactant aggregation, and kinetic solvent effects in water-rich solutions are predominantly governed
by hydrophobic interactions [83]. Generally, the tendency of water molecules to avoid unfavourable
entropic configurations with apolar solutes and constitutes a driving force for their aggregation.
The self-assembly of gelators is a very important step in gel formation; however, the modulation
of the HLB is equally important for ensuring that the 3D network imbibes the solvent within the
polymer framework. Sparse studies [84] have reported the molecular level details of solvent effects
in self-assembly and gelation processes. A variety of approaches by which the solvent effects can be
quantified through physical parameters and equations have been reviewed in detail elsewhere [84,85]. A
useful accounting method for specific solvent–solute interactions in gels involve the use of Kamlet–Taft
parameters where α (hydrogen bond donor ability), β (hydrogen bond acceptor ability) and π*
(polarizability) are defined [86]. Various studies have demonstrated that the α parameter strongly
determines whether a hydrogen bonding gelator will undergo self-assembly in a given solvent [87,88].
Polar protic solvents with good hydrogen bond donating ability with high α values such as water,
methanol or formic acid can interact competitively with the gelator. This leads to promotion of
solute–solvent interactions and thwarts the formation of a gelator–gelator 3D network, leading to
macroscopically homogeneous solutions. The β parameter represents the ability of the solvent to
accept hydrogen bonds. Thus, solvents with high β values (e.g., tetrahydrofuran and ethyl acetate)
can affect gelator–gelator interactions, resulting in a disruption of the self-assembly process, along
with a lowering of the thermal stability of the gel network to a variable extent. In the case of the
polarizability of a solvent (π*), the self-assembly and gelation can be modulated by the ability of the
solvent to interact with the peripheral (surface or backbone) groups of the gelator, thus affecting the
stability of the gel. Various structural factors that modulate the HLB need to be considered in order to
modify solute–solvent interactions as a methodology for controlling gel formation (cf. Section 2.5).

2.5. Characterization of Hydrogels

Hydrogels and their stability are characterized by several methods including spectroscopy
(e.g., nuclear magnetic resonance (NMR), Fourier transform infrared (FT-IR), ultra-violet visible
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(UV-vis), induced circular dichroism (ICD), and fluorescence), microscopy (e.g., scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)), diffraction (e.g., SAXS, SANS,
and XRD), rheology (e.g., ball drop method and viscosity), calorimetry (e.g., DSC and ITC),
and computational methods [89]. These techniques provide structural characterization of gels in
terms of the nature of the intermolecular interactions, solute–solvent interactions, thermodynamics of
the gelation process and the critical concentration of the gelators and the solvents. Selected examples
of interest are briefly presented in this mini-review.

2.5.1. Spectroscopy Techniques

Various techniques such NMR, UV-Vis, FT-IR, and Raman spectroscopy have been used to
characterize the structure of hydrogels [15,24,29,54,84]. Solution- and solid-state NMR techniques at
high resolution give useful structural information about the formation of H-bonds during gelation.
The chemical shift changes of a specific nuclei during a gel-sol transition can be tracked using
temperature dependent NMR measurements, where signals are broadened in the gel state [7].
Furthermore, chemical shift changes of a gel material can be used to probe local changes in a
microenvironment such as aggregation [61,62]. 13C solid-state NMR can be used to study the 2◦

structure of gels giving an insight into their molecular arrangements [7]. UV-vis and FT-IR/Raman
spectroscopy can be used to probe π–π interactions, and H-bonding, respectively. Although ICD may
not directly support gel formation, it can be used as a supplementary technique to show evidence of
double helix formation [90].

2.5.2. Rheology

Rheology can be used to determine the mechanical properties of supramolecular hydrogels [90].
Gel structure has been characterized using such techniques as ball drop, inverted tube and modulus
(viscosity) methods [91]. Despite its simplicity, the inverted-tube method has been used successfully to
determine the stability of hydrogels. Figure 2 shows various solutions (PEG, PEG-α-CD, Ada-PEG,
and Ada-PEG-α-CD) with different gel formation abilities as characterized by the inverted tube
method. Note that the differences in structure of the mixtures shown in Figure 2 can be related to
the HLB concept (cf. Scheme 3). Modulus methods have also been widely used to determine the
strength of hydrogels [65,90], cross-over point of storage (G′) over loss moduli (G′ ′) and can be used
to measure gelation kinetics of physical and chemical gel systems. Hence, by monitoring G′ and
G′ ′, the viscoelasticity and the gelation time of hydrogels can be determined through variations of
such factors as concentration and time. Stable gels are typically characterized by higher values of G′

over G′ ′.

Figure 2. Optical photos of the complexes of: (A) mPEG1.1K; and (B) mPEG2K with α-CD;
and invertible supramolecular hydrogels formed by: (C) Ada-PEG1.1K; and (D) Ada-PEG2K and
α-CD. Reproduced from [65] with permission. Copyright 2008 American Chemical Society.
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2.5.3. Diffraction Techniques

Diffraction techniques such as SAXS (small-angle X-ray scattering), SANS (small-angle neutron
scattering) and XRD (X-ray diffraction) have been successfully applied in hydrogel characterization to
elucidate their nanoscale structure and to provide insight on the molecular order of the system [92].
A typical example of hydrogel characterization by XRD was presented by Guo and co-workers
(cf. Figure 9 in Reference [65]) for the adamantane (Ada)-polyethylene glycol (PEG)-α-CD hybrid
supramolecular structure, where sharp XRD diffraction peaks ~2θ = 19.8◦ represent the extended
channel structure of α-CD. The channel structure corresponds to the formation of α-CD-PEG inclusion
complexes, which provides the driving force for the gel formation in this system, consistent with the
mechanism of gelation in pseudo-copolymer multicomponent systems as depicted in Scheme 3 above.

2.5.4. Microscopy Methods

Various microscopy methods such as Total Emission Microscopy (TEM), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM) and Scanning Tunnelling Microscopy (STM) have
been used to characterize the morphology and microstructure of hydrogels [6,29,51,84]. TEM and
SEM imaging can be used to visualize how small belts and fibres can entangle (aggregate) to form
a 3D network. Thus, microscopy of such systems with variable morphology provide insight on the
formation of H-bonds, π–π stacking, entangled networks, and other self-assembled structures [51].
While TEM and SEM give insight on the morphology of aggregation, AFM and STM are high resolution
techniques that can be used to study the conformation of a gel [93]. Moreover, SEM/TEM [94] and
AFM [95] can provide valuable information regarding the pore size and pore size distribution of such
3D networks.

2.5.5. Modeling

Computational techniques have been used to model the structural motif of supramolecular
hydrogel networks [90,96]. Birchall and coworkers [90] successfully generated the structural features
of some amphiphilic systems (1–6) that contain aromatic (fluorene or naphthalene) moieties and sugar
(galactosamine or glucosamine) residues using molecular modeling [90] (cf. Figure 3b). Four possible
modes by which dimers of four amphiphilic monomer units (1,2; 2,2; 3,2; and 4,2) may be formed
were proposed; (i) “J-stacking”, which involves a mixture of XH–π interactions between the aromatic
residues (where X denotes a heteroatom); (ii) aromatic-aromatic π–π stacking (F2F); (iii) H-bonding
between the sugar moieties (S2S); and (iv) solely XH–π interactions between the aromatic group and
the sugar (F2S) (cf. Figure 3a). Each of the four possible configurations were optimized for the lowest
energy structures and the most stable dimers were estimated from the relative binding energy of each
pair. Molecular modeling can be used to determine if two or more systems form hydrogels based on
whether the structural models display favourable binding energy value and their topology may lead
to aggregation. The most favourable configuration for gel formation should minimize competitive
solvent interactions and promote aggregation of the individual units whilst allowing the solvent to be
imbibed within the 3D network. The terminal position of the sugar moieties in the F2F configuration
(cf. Figure 3a) may promote competitive H-bonding with the solvent which limits the ability of the
units to aggregate into a gel structure.
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(a) (b) 

Figure 3. (a) Schematic representing dimer configurations of various amphiphilic systems (1–6);
(b) Structures of the aromatic carbohydrate amphiphiles 1–6 containing different aromatic moieties
(R1 and R2) and either a galactosamine or glucosamine residues. R1 and R2 represent fluorene and
naphthalene residues, respectively. Redrawn from [90].

2.6. Improving the Stability and Performance of Hydrogels

In the foregoing sections, insight concerning the gelation process was revealed to gain a better
understanding of how stimuli-responsive supramolecular hydrogels behave. One of the challenges of
the design of supramolecular hydrogels is to modulate their physicochemical properties for optimum
and specific applications. In the case of physical hydrogels where CD-based (host–guest) interactions
are involved, the stability of the 3D network is variable and may significantly be weakened which
limits the widespread application in areas of biomedical and environmental science. The destabilized
structure of CD-based hydrogels is known owing to the weak non-covalent host–guest interactions
along with the unfavourable entropy of binding of the restricted host and guest molecules within
the polymer network. Selected physicochemical properties such as the stability of the 3D scaffold,
the critical aggregation point, and the system viscosity can be manipulated to enhance the stability of
hydrogels. Structural variations of this type have been achieved through design strategies that vary
the nature/combination and feed ratios of the precursor materials, the use of amphiphiles or polymer
inclusion complexes (PICs), and incorporation of nanoparticles (NPs), vide infra.

2.6.1. Use of Polymer Inclusion Complexes (PIC)

The strategy of polymer inclusion complexation (PIC) is known to enhance the stability of
supramolecular hydrogels. PIC-based supramolecular hydrogels involving polymers that contain
cyclodextrin (CD) as an ideal host due to its hydrophobic inclusion sites have been widely
investigated [48,53,57,61–63]. Small molecules or linear polymers can serve as guest molecules for
the CD hosts. For example, PEG has been widely used since its first report in 1990 [96] to form
supramolecular linear necklace-like PPR nanostructures with CD. Yui et al. [61,62] obtained a relatively
low sol–gel transition temperature by using PIC formation between short PEG chains-modified chitosan
(or dextran) and α-CD were synthesized by a series of coupling reactions. The phase-separation of
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the crystalline domains formed by the host–guest interaction between the α-CD and PEG provide the
basis for understanding the supramolecular association and dissociation, namely; a sol–gel transition.
The gelation properties of PIC-based hydrogels can be further tuned by adjusting the PEG content
due to its variable hydrophilicity profile. Similarly, the solution concentration and the mixing ratio
of the host and guest system may be varied. The optimal gel formation is a function of the fraction
of crystalline PIC micro-domains, where an ideal host–guest stoichiometry will give the most stable
network. At non-stoichiometric ratios, little or no gelation will be observed because of limited physical
cross-linker domains. Hence, a delicate compromise between the host–guest stoichiometry and a
chemical balance between components with variable hydrophile–lipophile balance (HLB) of the PIC
system must be met for optimum gelation to occur.

2.6.2. Use of Host–Guest Macromers (HGMs)

The use of host–guest macromers (HGMs) [48] differ from PICs since the latter forms PPRs,
whereas; macromers (cf. Figure 4c) are formed by HGMs. Basically, the HGM approach involves the
self-assembly of pre-functionalized host and guest molecules. A previous report [48] on a responsive
hydrogel formed from hyaluronic acid biopolymer functionalized with adamantane (AD) to form the
guest polymer (ADxHA) and a polymerizable acrylate, (Ac)-functionalized β-CD (Ac-β-CD) as the host
(cf. Figure 4). HGMs were reported to form via self-assembly between ADxHA and Ac-β-CD driven
by efficient host–guest interactions of the less bulky host system and the guest polymer. The stability
of the HGM-based hydrogels is understood due to the interaction between the macrocyclic host
and guest within the HGM system, and is more favourable than those of the bulky polymer units.
The resulting hydrogel [48] was found to be robust with potential utility as a carrier device with
extended release properties.

Figure 4. Chemical illustration of: (a) the host monomer (mono-Ac-βCD); (b) the guest
polymer (ADxHA); and (c) the host–guest macromer (HGM). (d–g) Representation of various
hydrogel/host–guest structures. Reproduced from [48] with permission. Copyright 2016 American
Chemical Society.

2.6.3. Use of Amphiphiles

The use of amphiphiles was long proposed [51,65,90] to promote the gelation process of hydrogels,
along with an enhancement of gel stability through the HLB phenomenon, as described above.
Co-polymers bearing Ada pendants as those described by Wei et al. [48] and Koopmans et al. [57]
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have been widely used to provide the hydrophobic end group requirement. A typical example of such
association phenomena is the study reported by Guo et al. [65] where an aqueous solution of α-CD
and LMW PEG undergoes precipitation over hydrogel formation (cf. Figure 3). This occurs when
complexation occurs between α-CD and LMW PEG at both ends of the PEG, where the unbound PEG
becomes too short to form a network. However, when the PEG was functionalized with the highly
hydrophobic Ada, a gel was formed. The Ada group serves to (i) decrease the amount of threaded
CD which provides sufficient unbound PEG; and (ii) provide additional physical cross-links via
hydrophobic aggregation. On this basis, it can be concluded that for hydrogels which are composed of
an amphiphilic block copolymer and a CD, the driving force for gelation is a combination of inclusion
complexation between CD and PEG blocks, as well as the aggregation of the hydrophobic Ada
blocks via favourable interactions illustrated in Scheme 3. Jung et al. [51] reported the first example
of a hydrogel formation using a sugar-based amphiphile, where well-defined bilayer aggregates
self-assemble via intermolecular hydrogen bonding, π–π stacking and hydrophobic interactions.
The synergetic role of various interactions is essential for the successful design and stabilization of
such hydrogel systems.

2.6.4. Use of Hybrid Hydrogels and Nano-Fillers

The incorporation of nanoparticles (NPs) has emerged as one of the latest strategies of modulating
the mechanical strength and the viscosity of supramolecular hydrogels. Guo et al. [65] used modified
β-CD-silica NPs (β-CD-SiO2) to enhance the gelation of low molecular weight (LMW) PEG-α-CD
hydrogels. Cooperative binding of the hydrogel and the NPs yield a strong network structure that leads
to a nanoparticle-hybridized supramolecular hydrogel. The storage modulus (G′) and the viscosity of
the hybrid hydrogel containing ca. 9 wt % of the modified NPs were increased by ca. 4- and 10-fold
relative to the native hydrogel. The effect of the incorporation of silver and ferrous NPs into the
supramolecular hydrogel networks was reported to enhance their stability. Ma et al. [92,97] reported a
PEG-PCL(poly-ε-caprolactone)-α-CD hydrogel hybridized with magnetic Fe3O4 NPs. The introduction
of magnetic Fe3O4 NPs in PEG-PCL-α-CD hydrogel was concluded to speed up the gelation time and
to improve the stability of the hydrogel nanocomposite. The interaction of PEG-PCL with the dispersed
Fe3O4 provided favourable conditions for the subsequent complexation with α-CD. Wang et al. [98]
reported hydrogel systems from PEO-PPO-PEO triblock copolymers, α-CD and an inorganic nanotube.
The addition of the nanotube resulted in a suppressed hydrophobic aggregation of the middle PPO
block lowering the viscosity of the final hydrogel. Thus, the introduction of NPs can be used as a way
to modulate the stability of hydrogels for tailored applications.

2.7. Modulating the Viscosity: Influence on Host–Guest Complexation

Various studies have indicated that hydrogel stability generally increase as the gelator
concentration increases [57,60,96]. This effect indicates that the formation of hydrogels with stronger
networks occurs as a result of more extensive H-bonding and efficient π–π stacking of the hydrogelators.
Supramolecular hydrogels investigated by Koopmans and Ritter [57] represent typical examples that
reveal the effects of viscosity, concentration and pH in modulating hydrogel stability. Their report
studied a series of hydrogel systems based on acrylamide-Ada polymers bearing variable spacer units,
as host molecules, and epichlorohydrin-CD globular/linear copolymers as host molecules, respectively
(cf. Scheme 3 in Reference [57]). The effects of host/guest polymer concentration, length/amount
of hydrophobic Ada chains/groups, and the amount of cross-linker for the α-CD on the stability
of the hydrogel were investigated. pH effects were reported to alter the viscosity of the hydrogel.
The study by Koopmans and Ritter [57] demonstrate that the viscosity of the medium can affect the
stability of a hydrogel network, which reaches a maximum value at specific host–guest stoichiometry,
temperature and pH conditions reported therein. Thus, the stability of a hydrogel can be tuned to
specific applications by varying the concentration of the host/guest system. Apart from the host/guest
concentration, the hydrogel viscosity and its stability depend on other factors that can influence
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host–guest complexation. For example, the HLB effect (e.g., the length/number of the hydrophobic
Ada moiety/groups), amount of cross-linker used for the host molecule (in the case of cross-linked
hosts), the pH of the hydrogel medium, and the type of host polymer (globular vs. linear).

3. Conclusions

In this mini-review, a general outline describing the mechanism of gel formation in
polysaccharide-based supramolecular hydrogels was presented. While the stabilization of helices
is the generally proposed pathway of gel formation in single polymer networks, phase separation
of polymer networks is supported by the overall mechanism of gel → sol transition in polymer
networks. The Flory–Huggins relationship and the utility of the Born–Haber cycle provide insight on
the molecular level cross-linking of polymers in aqueous solution. By comparison, the gel formation
process involves solute- and solvent-associated steps. As well, several strategies were outlined that can
be used to fine-tune the physicochemical properties of biopolymer networks. Many of these strategies
relate to stabilizing the 3D structure of the polymer scaffold in such gels as follows: (1) controlling
the HLB of the polymer system; (2) controlling the cross-linking of the co-polymers; (3) providing
favourable conditions for host–guest complexation; and (4) controlling independent variables such as
pH of the medium, along with the nature and concentration of the precursors. Generally, the process
of gelation in biopolymers is poorly understood due to inadequate understanding of the role of
solvation phenomena (thermodynamic, kinetic, and structural effects) in aqueous media. The role
of solvation phenomena in gel formation processes is a suggested direction of future research that
deserves further attention.
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3D Three dimensional
Ada or AD Adamantane
CD Cyclodextrin
DSC Differential scanning calorimetry
FT-IR Fourier transform infra-red
HGM Host–guest macromer
HLB Hydrophile lipophile balance
ICD Induced circular dichroism
IPN Interpenetrating network
LMW Low molecular weight
NMR Nuclear magnetic resonance
NP Nanoparticle
PEG Polyethylene glycol
PIC Polymer inclusion network
PPR Polypseudorotaxane
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SEM Scanning electron microscopy
TEM Total emission microscopy
STM Scanning Tunneling Microscopy
UV/Vis Ultra-violet visible
XRD X-ray diffraction
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Abstract: Hydrogels based on polysaccharide and protein natural polymers are of great interest in
biomedical applications and more specifically for tissue regeneration and drug delivery. Cellulose,
chitosan (a chitin derivative), and collagen are probably the most important components since they are
the most abundant natural polymers on earth (cellulose and chitin) and in the human body (collagen).
Peptides also merit attention because their self-assembling properties mimic the proteins that are
present in the extracellular matrix. The present review is mainly focused on explaining the recent
advances on hydrogels derived from the indicated polymers or their combinations. Attention has also
been paid to the development of hydrogels for innovative biomedical uses. Therefore, smart materials
displaying stimuli responsiveness and having shape memory properties are considered. The use of
micro- and nanogels for drug delivery applications is also discussed, as well as the high potential of
protein-based hydrogels in the production of bioactive matrices with recognition ability (molecular
imprinting). Finally, mention is also given to the development of 3D bioprinting technologies.

Keywords: cellulose; chitosan; collagen; gelatin; peptides; self-assembling; nanogels; shape memory;
molecularly imprinting; 3D printing

1. Introduction

Hydrogels are three-dimensional polymer matrices able to retain large amounts of water in
a swollen state, a feature that makes them similar to biological tissues. In fact, biomedical applications
of hydrogels have been explored continuously since the 1960s, when they were first discovered [1].
Physical and chemical crosslinks are fundamental to building a hydrophilic network in which chemical
agents can also be incorporated, giving rise to drug delivery systems and even to new functional
materials. In fact, research on hydrogels is nowadays mainly focused on developing stimuli-responsive
smart materials and hydrogels with shape memory properties that could be applied for innovative
biomedical uses [2–5]. Different reviews have addressed natural and synthetic formulations as well as
the corresponding general applications [6–9].

Great effort is directed towards designing molecules capable of promoting molecular aggregation
(gelators) [10,11]. The incorporation of units able to establish one-dimensional hydrogen bonding
interactions such as amides and saccharides merits attention. In fact, derived low molecular weight
compounds can be heated in an appropriate solvent to form a supersaturated solution, which
after cooling to room temperature can give rise to a gel through an aggregation process [12–14].
Small molecules can be organized into polymer-like fibers that become entangled and constitute a
continuous matrix that entraps the solvent by surface tension. A heterogeneous “solid” matrix is
obtained with a hierarchical superstructure aggregation that creates dimensions from the nanometric
to the micrometric scale.
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Development of in situ gelling polymeric matrices is also of great interest in tissue regeneration
since these materials can be used as injectable hydrogels. These can act as cell vehicles that have the
ability to take the shape of the corresponding tissue cavity. Furthermore, problems related to cell
adhesion can be minimized since cells can directly be incorporated into the injectable solution [15,16].
A suitable in situ hydrogel for biomedical applications should be soluble in aqueous media and have a
fast sol-gel transition under physiological conditions without releasing toxic byproducts or harming
surrounding tissue [17]. In general, injectable hydrogels are designed with functional groups sensitive
to external stimuli such as pH, temperature, and light [18].

The present review is basically focused on the study of hydrogels for biomedical applications,
mainly restricted to cellulose and chitosan (a chitin derivative) as the most abundant natural polymers
on earth and collagen as the most abundant protein in the human body. Attention is also paid to the
use of peptides due to their abovementioned self-assembling properties. Different subsections also
introduce the most relevant topics that can nowadays be considered: (a) responsiveness of hydrogels
to external stimuli; (b) development of micro and nanogels (i.e., micro or nanoscopic three-dimensional
networks comprising cross-linked polymer molecules dispersed in a proper solvent); (c) shape memory
hydrogels; (d) molecularly imprinted hydrogels and (e) protein-based hydrogels for 3D printing.

2. Hydrogels Derived from Cellulose

Cellulose is the most abundant biopolymer, mainly as a consequence of its properties that make it
an essential structural component of green plants, marine animals, algae, and bacteria. Sustainability,
biodegradability, biocompatibility, and low cytotoxicity are other characteristics that justify the
development of a great number of applications in the biomedical field that concern cellulosic materials.
From a chemical point of view, cellulose is defined by the connection through β-(1→4) glycosidic
bonds between D-glucose units (Figure 1), which gives rise to a linear syndiotactic polymer with
hydroxyl groups arranged in an equatorial disposition. The molecular chain can be visualized as a stiff
rod-like conformation that can be arranged, giving rise to crystalline fibrous materials. Strong intra-
and intermolecular hydrogen bonding interactions can be found, with different crystalline structures
of cellulose reported depending on its origin (e.g., cellulose Iα and cellulose Iβ for polymers produced
by bacteria and plants, respectively) and chemical treatments (e.g., cellulose II for regenerated fibers).

Figure 1. (a) Scheme of the linear molecular chain (green box), the syndiotactic repeat unit
(garnet), the establishment of glycosylic bonds between glucose rings (violet ellipsoid) and intra
and intermolecular hydrogen bonding interactions; (b) TEM micrograph of cellulose nanowhiskers
(left), scheme and SEM micrograph of nanofibers derived from a fiber of cellulose (middle) and TEM
micrograph of bacterial cellulose (right). Reproduced with permission from [19], copyright 2007 ACS;
and reproduced from [20].
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Cellulose can be employed to produce hydrogels for biomedical applications according to two
differentiated methodologies: (a) the use of cellulose-based matrices and (b) the use of composites
incorporating nanocellulose.

Cellulose based-hydrogel matrices are nowadays ideal materials for tissue engineering
applications [21] due to intrinsic properties like non-toxicity, biocompatibility, tunable and porous
microstructure, and good mechanical properties [22]. Applications of cellulose derivatives can be
enhanced when blends or hybrids with other components like chitosan are considered [23].

Nevertheless, cellulose-based hydrogels have as a main limitation the low solubility of cellulose
in both water and most organic solvents due to the hydrogen-bonded structure [24]. This problem
can be avoided via chemical modification and specifically by the conversion of the hydroxyl pendant
groups into ether and cationic groups, although it should be taken into account that final properties can
be negatively altered. Research has also been focused on directly dissolving cellulose in appropriate
non-toxic solvents. In this sense, alkali/urea aqueous systems appear highly promising [25,26] since
inclusion complexes can be formed at low temperatures, which demonstrates the possibility of
preparing membranes and hydrogels from these media [27,28].

Hydrogels derived from cellulose can be prepared by the crosslinking of aqueous solutions
of cellulose ethers (e.g., methylcellulose (MC), ethylcellulose (EC), sodium carboxymethylcellulose
(NaCMC), or hydroxypropyl methylcellulose (HPMC)). MC is ideal for the preparation of
thermoresponsive hydrogels due to its hydrophobic–hydrophilic equilibrium, which gives rise to
a collapse or an expansion of molecular chains by small temperature changes around its critical
value [29].

Nanocellulose is a general term that defines a nanostructured material that comprises cellulose
nanocrystals (CNC), cellulose nanofibers (NFC), and bacterial cellulose (BC). Nanocrystals with
a whisker morphology (Figure 1b) can be easily produced by the treatment of cellulose with strong
acids [30] that cause the degradation of amorphous regions and produce whisker-like crystals to
be used as fillers in bio-based matrices [31]. Cellulose nanofibers (NFC) (Figure 1b) are produced
by mechanical treatments of natural fibers (e.g., high pressure and ultrasonic homogenization,
grinding, and microfluidization). Clinical applications of NFCs have been justified considering
their cytocompatibility and also the tolerogenic potential in the immune system [32]. Finally, bacterial
or microbial cellulose is directly produced by bacteria (e.g., Acetobacter strain) from glucose residues.
The polymerized material is secreted from the cell and crystallizes, giving rise to nanofibers with
diameters smaller than 100 nm (Figure 1b) [33]. These nanofibers can be connected, forming a 3D
networked structure.

CNCs can display interesting effects on the gelation mechanism of hydrogels and can improve
mechanical properties and dimensional stability and even favor the drug release [34–36]. CNCs have
also been employed as nanofillers to improve, for example, the compression modulus (up to 92 kPa for
a load of 20 wt %) of hybrid hydrogels based on gelatin and alginate [37]. Hydrogels composed of
an interpenetrating network of sodium alginate and gelatin reinforced with 50 wt % of CNCs have
also been developed for cartilage applications. Specifically, modulus, strength, and strain values of
0.5 GPa, 14.4 MPa, and 15.2%, respectively, were attained, with the modulus clearly higher than that
determined for natural cartilage. The double cross-linked system was prepared by a freeze-drying
process, with the carboxyl surface groups of CNC contributing to the enhancement of mechanical
properties and structural stability [38].

Surface modification of CNCs can improve their performance since they cannot only be
used as fillers but also as cross-linking agents that increase the adhesion of the filler with the
polymeric matrix [39]. Thus, aldehyde-functionalized CNCs have been employed as cross-linkers for
carboxymethylcellulose hydrogels [40]. Maleimide-functionalized CNCs have also been proposed as
effective cross-linkers for the formation of hydrogels based on gelatin and chondroitin sulfate, which
are stiffer networks with lower swelling ratios [41].
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NFC hydrogels can be prepared from suspensions of NFC fibrils produced by a simple
mechanical treatment, but nowadays better results have been described when fibrils with a high
negative charge on their surface are employed. Thus, oxidation processes such as the treatment with
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) produced more stable dispersions/suspensions
than hydrogels formed under limiting values of polymer concentration and charge density [42,43].
Great efforts have also been developed to control the porosity and network microstructure to
ensure the transportation of nutrients and waste products when tissue engineering applications are
considered [44]. Thus, hydrogels with controllable swelling degree, porosity, and surface area can be
prepared by tuning the charge density of fibers, the conditions of the swelling media, and the processing
methodology [45]. In general, NFC hydrogels have low mechanical properties (e.g., a storage modulus
close to 10 Pa was reported for a native NFC hydrogel at 0.5 wt % [46]) and therefore applications
are usually limited to soft tissues [47,48]. The use of reinforcing agents has been proposed in order to
improve mechanical properties since they can easily be incorporated into NFC hydrogels due to their
high degree of swelling. Furthermore, the addition of molecules such as hemicellulose can provide
additional benefits like anticancer and antioxidative properties [49,50]. Different hemicelluloses
(e.g., galactoglucomannan, xyloglucan, and xylan) have been studied as crosslinkers to tune the
structural and mechanical properties of NFC hydrogels, as well as to study their effect on cell behavior
(adhesion, growth, and proliferation) during wound healing processes [51]. Nanocellulose charge
density was found to be a determining factor for the incorporation of hemicellulose, the derived surface
(topography and roughness) and the mechanical and biological properties of the composite hydrogels.

BCs are currently used as promising hydrogels for the development of functional
nano-biocomposites [52–54]. Furthermore, derived materials can display appropriate mechanical
properties when being used as membranes. Composite systems with collagen were, for example,
evaluated in order to promote cell adhesion and viability. Specifically, BC membrane surfaces were
coated with collagen and alginate on each side to favor cell adhesion and protect transplanted cells
from immune rejection, respectively [55]. It was also demonstrated that cells were able to release
dopamine through the BC composite membrane, a promising feature for its use as a material for
cell encapsulation.

The high purity and hydrophilicity of bacterial cellulose make it a promising material for
wound-healing applications [56], with different products already commercialized for dressings
(e.g., XCell, Biofill, or Dermafill) [57,58].

3. Hydrogels Derived from Chitosan

Chitin (poly-(1→4)-N-acetyl-glucosamine) is one of the most abundant natural polymers since
its facility to produce microfibrils makes it an essential structural component of cell walls (e.g., fungi
and yeast) and of the exoskeleton of many invertebrates (e.g., shrimps and crabs). This polysaccharide
is characterized, like cellulose, by a β-(1→4) glycosidic bond and can be transformed into the
water-soluble chitosan (CS) upon deacetylation in strong alkaline solutions. The high availability of
chitosan, its biodegradability and biocompatibility have enhanced interest in its use as a hydrogel with
improved structural stability and high capability to absorb water. The physical properties of chitosan
can be controlled by changing the molecular weight of the precursor, the degree of depolymerization,
and deacetylation, and finally by modifying the interactions that can be established with both hydroxyl
and amine groups that are present in the molecular backbone. The cationic character of CS favors the
formation of gel particles through electrostatic interactions [59,60], with, e.g., sodium sulfate employed
as a precipitant [61]. CS molecules can also interact with hydrophobic components, giving rise to
amphiphilic particles with great self-assembly and encapsulation ability. Interactions established
between chitosan and drugs should be appropriate to produce the expected pharmacological effect at
the target site.

Chitin has also been extensively considered for tissue engineering and drug delivery applications;
specifically, it has been processed in the form of hydrogels and nanogels despite the disadvantages
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associated with its water insolubility [62,63]. Nevertheless, it should be taken into account that
biological properties (e.g., antimicrobial, hemostatic, or mucoadhesion, effects) decrease with the
degree of acetylation. Several attempts have been proposed to get three-dimensional sponge-like
materials from chitin [64,65]. These scaffolds favor the deposition of the extracellular matrix on
chondrocytes and have applications in cartilage tissue engineering [66]. Preparation of chitin hydrogels
is feasible by employing a mild medium based on a supersaturated CaCl2–methanol solution [67].
Hydrophilic chains are able to aggregate through intermolecular interactions and form a network-like
structure [68]. Chitin nanogels have been employed to release anti-cancer drugs (e.g., doxorubicin [69]),
anti-fungal drugs (e.g., fluconazole [70]), and proteins (e.g., bovine serum albumine (BSA) [71]) [72].

The mucoadhesion property of chitosan gels has enhanced interest in using them as drug delivery
systems since the bioavailability of loaded bioactive drugs can be increased [59]. Furthermore,
CS hydrogels can be processed in the form of micro-/nano-sized spherical particles or beads where
bioactive compounds can be encapsulated. These beads swell in acidic media, facilitating drug release.
An additional advantage of chitosan beads is their relative high hydrophobicity, which facilitates
intestinal absorption [73]. Delivery systems based on chitosan have been developed for the treatment
of colon [74,75] and hepatic [76,77] diseases. Several hydrogels based on chitosan have also been
designed to encapsulate radioisotope drugs for site-specific cancer therapy. These chitosan hydrogels
can display photo-responsiveness and a thermoreversible gelling capacity [78,79].

Hydrogels composed of chitosan have the capacity to adsorb both anionic and cationic molecules
if hydrogen bond interactions can still be established. This feature confers on CS-based hydrogels
a great potential in fields as diverse as water purification and protein encapsulation [80].

Most injectable hydrogels for biomedical applications are based on CS, it being possible to
modify the composition in order to undertake chemical or physical gelling by UV irradiation or the
increase of temperature or pH [81,82]. Probably, the main systems studied are those based on the
addition of a glycerophosphate salt that initiated the sol-gel transition at body temperature [83]
and also the additional incorporation of genipin as a crosslinking agent [84]. Incorporation of
hydroxyapatite has also been revealed to be useful for bone tissue regeneration since it enhanced cell
adhesion and proliferation and improved osteogenic properties [85,86]. A pH-responsive CS-based
injectable hydrogel incorporating hydroxyapatite has been prepared using sodium bicarbonate
(NaHCO3) as the gelling agent (Figure 2). This system provided a neutral environment suitable
for cell encapsulation and allowed non-cytotoxic, fast gelation (e.g., 4 min). Physical crosslinks were
the consequence of glucosamine deprotonation and produced materials with good resistance to applied
shear deformation [87].

Quaternized chitosan-g-polyaniline copolymers have been synthesized [88] in order to enhance
the antibacterial activity and cytocompatibility of CS. The grafted copolymer was postulated as
an idoneous injectable hydrogel dressing [89] due to its good biocompatibility, bactericidal effect,
conductivity, and good free radical scavenging capacity [90]. Specifically, injectable hydrogel dressings
were prepared at physiological conditions by mixing solutions of quaternized chitosan-g-polyaniline
with a poly(ethylene glycol)-co-poly(glycerol sebacate) copolymer having benzaldehyde functional
groups (PEGS-FA) (Figure 3). Soft and flexible hydrogels were derived as a consequence of the chain
flexibility given by PEGS-FA and the dynamic network of chemical bonds. The final conductivity was
a result of ionic conductivity from amino groups and ammonium groups, and electronic conductivity
from doped polyaniline. Conductivity varied between 3.13 mS/cm to 2.25 mS/cm as the crosslinker
concentration increased from 0.5 to 2 wt %. A crosslinker concentration of 1.5 wt % was found to be
optimal for enhancing blood clotting capacity and the in vivo wound healing process.
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Figure 2. Preparation of a physically crosslinkinked injectable hydrogel based on chitosan and
hydroxyapatite. Reproduced with permission from [87], copyright 2017 Elsevier.

pH-Sensitive CS hydrogels reinforced with CNCs were prepared using glutaraldehyde as
a crosslinker due to its high reactivity with chitosan amine groups [91]. CNCs were incorporated in the
preformed polymer network, giving rise to hydrogels characterized by a combination of amorphous
and crystalline phases and the increase of compression modulus from 25.9 ± 1 to 50.8 ± 3 kPa when
the nanocellulose content was 2.5 wt %. The maximum swelling ratio was found for a pH of 4.01,
where chitosan amine groups were protonated and hydrogen bonds became consequently dissociated.
The CS/CNC hydrogel was also interesting for drug release and specifically for the delivery of
curcumin [92].

Blending cellulose with chitosan may give rise to hydrogels with improved properties, but it
is problematic to get a homogeneous aqueous solution of both components since they need alkaline
(cellulose) and acidic (chitosan) aqueous media. Nevertheless, a water-soluble chitosan derivative
(i.e., hydroxyethyl chitosan) has successfully been employed to make porous scaffolds using silicon
dioxide particles as a porogen and following a freeze-drying process [93]. Good overall performance
and an ability to reach the equilibrium swelling state were observed.
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Figure 3. Scheme showing the synthesis of chitosan-g-aniline (a), PEGS-FA copolymers (b) and the
structure of the hydrogel derived from both copolymers (c). Photographs showing the corresponding
solutions (d) and flexible behavior of the hydrogel under bending and pressing efforts (e). Reproduced
with permission from [89], copyright 2017 Elsevier.

4. Hydrogels Derived from Collagen and Gelatin

Collagen is the most important protein that forms part of the extracellular matrices. It can be
obtained from skin and other tissues by enzymatic and acidic treatments. A hydrogel can be produced
after neutralization of the acid solution and subsequent heating to body temperature. Gelatin is
derived when the typical triple helix of collagen is broken into a single molecule that could undergo
a reversible sol-gel transition at room temperature [94]. Gelatin exhibits biocompatibility but its
applications are hindered by its low mechanical properties, which usually make the establishment of
additional crosslinks necessary. Non-toxic enzymes (e.g., transglutaminase and tyrosinase) are usually
preferred [95,96] as new cross-linking agents. Suitable hydrogels, mainly used as vehicles for cell
transplantation (e.g., mesenchymal stem and stromal cells), can therefore be prepared [96,97].

Multiple studies have demonstrated that collagen can play a highly positive role in tissue
regeneration [98–100], but its use in biomedical applications is somehow limited by its poor mechanical
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properties and high degradation rate [101]. Therefore, blending collagen with other polymers has
been postulated as an alternative solution to improve final performance [102]. In this way, protonated
CS appears to be an ideal polymer to interact with negatively charged collagen. Thermoresponsive
hydrogels based on CS and different types of collagen have been studied. They have potential for
biomedical uses as matrices for the encapsulation of cells, repair of bone defects, and promotion
of in vivo cell differentiation [103–105]. Hydrogels containing CS, acid-soluble collagen (ASC),
and glycerophosphates have recently been prepared [106] for tissue regeneration, having demonstrated
good biocompatibility and the ability to support the survival and proliferation of encapsulated cells.

High-strength hydrogels based on BC and gelatin and with good biocompatibility have been
studied [107]. The preparation process was difficult since it involved three steps, and it was
consequently necessary to develop similar systems with easier processing than the two-step method
applied for dual-crosslinked chitin and cellulose hydrogels [108,109]. Development of multiple
crosslinked structures therefore appears to be a suitable option for producing hydrogels with good
mechanical performance and biocompatibility. Efforts are also focused on new processes that ensure
shape designability and good formability. Namely, we try to avoid the use of injectable hydrogels that
require the modification of raw materials, which has usually led to materials with low mechanical
properties. On the other hand, tubular hydrogels hold great interest for delivery applications, exchange
channels for oxygen and nutrients, and vascular repair [110–112]. Wu and collaborators proposed
a mild interrupted ion crosslinked process, which allowed for obtaining hollow hydrogels with
a controllable shape [113]. Non-stable CS/gelatin hydrogels were first obtained by the aggregation
of the gelatin helix domains, but a subsequent treatment with a sodium citrate solution produced
a stable, physically crosslinked network. The efficiency of this step was dependent on the immersing
time in the solution (i.e., the capability of ions to diffuse into the hydrogel). Therefore, at low times it
was possible to melt/dissolve the non-ionic crosslinked core by exposure to deionized water at 37 ◦C
(Figure 4). The process can be combined with thermal welding and etching methods to program the
external shape of complex hydrogel architectures.

 

Figure 4. Preparation of hollow structures (e.g., cup and tube) from CS/gelatin hydrogels based on
a controllable ion crosslinking process. Reproduced with permission from [113], copyright 2017 Elsevier.

Development of conductive hydrogels is highly interesting for cardiac regeneration and repair.
Natural hydrogels derived from collagen and gelatin [114,115] have usually been considered to support
cardiac cell functions despite having an insulating character. This shortcoming could be avoided
by using electrically conductive nanomaterials. Gold nanostructures have several advantages like
high conductivity, easy modification and fabrication, minimum cytotoxicity, and varied architecture
(e.g., nanowires, nanorods, and nanoparticles). In any case, hydrogel matrices should be designed to
encourage good cell adhesion, a feature that can be attained with gelatin-based hydrogels. Specifically,
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hybrid hydrogels composed of a UV-crosslinkable gelatin methacrylate and incorporating gold
nanorods have recently been found to be appropriate for cardiac tissue engineering [116].

Carbon nanotubes (CNTs) [117] are also considered for enhancing conductivity, although several
limitations concerning cytotoxicity and a complex fabrication procedure have been indicated [118,119].
In any case, considerable research has been carried out to develop conductive hydrogels based on
CNTs. For example, the bulk electrical properties of collagen can be increased by the addition of
single-walled carbon nanotubes (SWCNT). These clearly influenced neurite extension and enhanced
neurite outgrowth, leading to suitable hydrogels for nerve regeneration [120].

5. Peptide Hydrogels

Natural fibrillar proteins of the extracellular matrix (ECM) can be mimicked by the self-assembling
of fully synthetic peptides (SAPs). A porous network having cell-binding sites or functional motifs can
be formed and used to induce the growth and differentiation of host cells or alternatively as carriers
for transplanted cells. Peptidic sequences can be assembled, giving rise to a variety of morphologies
(e.g., nanofibers, nanotubes, nanovesicles, or nanoparticles), it being possible in some cases to trigger
the assembly by modifying pH or temperature or by the presence of external cations. Different types
of self-assembly can be considered (Figure 5): (a) alternate disposition of charged hydrophilic and
hydrophobic residues (e.g., peptides based on the Arg-Ala-Asp-Ala sequence named RADA-like SAPs);
(b) complementary co-assembling peptides (CAPs); (c) peptide amphiphiles; (d) cyclic peptides; and
(e) functionalized peptides.

 

Figure 5. Typical structures of different self-assembled peptides: RADA-like SAPs, complementary
coassembling peptides, peptide amphiphiles, cyclo-SAPs, and functionalized SAPs. Reproduced with
permission from [121], copyright 1995 Elsevier.

Organized stable β-sheet superstructures are characteristic of RADA and similar sequences.
Specifically, Ac-(RARADADA)2-CONH2 [122] and Ac-(RADA)4-CONH2 [123] are composed of
16 amino acids. They form structures in aqueous media with charged amino acid side groups oriented
on one side of the sheet and the hydrophobic side groups on the other side (i.e., a hydrophobic inner
pocket was derived). The resultant scaffolds are appropriate for 3D cell culture, wound healing, and
synapse growth. In fact, the indicated sequence has great similarity with the well-known RGD cell
adhesion motif.
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CAPs are based on the attraction and self-repulsion of two peptides having opposite electric
charges [124]. For example, mixing of positive Ac-(LKLH)3-CONH2 and negative (Ac-(LDLD)3CONH2

spontaneously formed double layers of β-sheets and gave rise to 3D molecular assemblies composed
of nanofibrillar structures, as is also typical for the above indicated SAPs. Derived hydrogels from
CAPs can retain 95–99% of water and had pores between 5 and 200 nm [125]. CAPs avoid the use of
pH shift as a triggering stimulus, which may be problematic in some biological conditions.

Peptide amphiphiles are similar to the phospholipids existing in membranes since they are
composed of hydrophobic tails and hydrophilic heads. The former are based on nonpolar amino acids
with different degrees of hydrophobicity, while the latter can be based on positively or alternatively
negatively charged amino acids.

Self-assembled tubular structures are usually derived from the stacking of cyclic peptides. These
structures are stabilized by hydrogen bonds that are established between carbonyl and amide groups.
These interactions are directed perpendicularly to the ring, while the amino acid side groups are
directed outward [126].

Amino acids and peptides may contain hydrophobic groups, which may provide hydrophobic
interactions and create a synergistic effect with the more hydrophilic hydrogen bonding interactions.
This point is illustrated in Figure 6, where a hydrogelator with good self-assembling ability was
prepared by coupling three amino acids with hydrophobic side chains to a hydrophobic cyclohexane
molecule. One-dimensional hydrogen-bonded stacks were derived, also taking advantage of the
hydrophobic interactions established between the central cores and the shielding effect of the side
chains over potential interactions between the amides and water molecules of the solvent [127].

Figure 6. (a) Scheme showing the hydrophobic (blue) and hydrophilic (orange) regions of
a cyclohexane-based hydrogelator having amino acids (AA) with hydrophobic side groups; (b) a single
strand formed through the multiple hydrogen bonds that each single molecule can establish.
Reproduced with permission from [127], copyright 2004 Wiley.

In general, an ideal functionalized self-assembling structure should have: long alkyl chains that
constitute the hydrophobic domain; a peptide sequence promoting β-sheet structures; charged amino
acids to favor water solubility; and a bioactive epitope [128]. The hydrophobic interactions favor the
development of self-assembled structures. Nevertheless, the final morphology can be influenced by
the size of the hydrophobic moiety, there being, for example, a report of a morphological change from
simple sheet stacking to long nanotubes and finally to short nanorods as the length increased [129].

67



Gels 2017, 3, 27

6. Responsiveness to External Stimuli of Peptide-Derived Hydrogels for 3D Cell Culture

Control of supramolecular interactions that lead to the formation of assembled supramolecular
structures may facilitate the in situ encapsulation of cells and even the subsequent delivery of the
proliferated cells by switching the hydrogel to the sol state by means of proper external stimuli.

The self-assembly of ionic peptides can be controlled through the pH of the solution.
Thus, assembly is possible when the solution pH leads to a practically zero net charge of the peptide
molecules. Ionic force also has a great influence in this assembling process since the counter-ions can
decrease the charge distribution. Multiple examples can be mentioned concerning the encapsulation of
cells (e.g., chondrocytes [130,131], human mesenchymal cells [132], or murine embryonic pluripotent
stem cells [133]).

The switching between the hydrogel and solution phases can be controlled by the protonation
and deprotonation of their amino and carboxylic terminal groups [134]. Short dipeptides with their
amino terminal group blocked with the aromatic 9-fluorenylmethoxy-carbonyl group (Fmoc) were
able to be dissolved in alkali solutions and form 3D hydrogels at neutral pH through hydrogen bonds
and aromatic stacking interactions. In this way, cell dispersion could be mixed with a peptide solution
before lowering the pH to physiological conditions. Cells like dermal fibroblasts were successfully
encapsulated following the indicated procedure [135]. Peptides derived from serine and mainly from
phenylalanine were also reported to produce such pH switchable hydrogels [136–139].

A method based on the change of polarity of the solvent has been proposed for the autoassembling
of peptides scarcely soluble in aqueous solutions. Usually dimethylsulfoxide is considered as the ideal
organic solvent due to its compatibility with water and low cytotoxicity. In this way, assembly and cell
encapsulation can be produced when the peptide solution in the organic polar solvent is mixed with
the cell culture medium [140,141].

Efforts have also been focused to develop light-sensitive hydrogels despite the fact that sol-gel
transitions under UV irradiation may be harmful to cells. Therefore, nowadays systems mainly use UV
before introducing the cells to the hydrogel. For instance, UV can be employed to produce channels
in a formed hydrogel that could then be filled by the sol containing the cells [142]. Formation of
a hydrogel can also be triggered by the action of enzymes able to form a gelator molecule from a given
precursor. Usually this is characterized by the presence of a hydrophilic moiety that is susceptible to
enzyme-catalyzed cleavage [143].

Figure 7. Schematic representation of the culture of fibroblast or endothelial cells in enantiomeric
nanofibrous hydrogels (d, l right-handed and left-handed helices, respectively). Reproduced with
permission from [144], copyright 2014 Wiley.
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The use of peptides with chiral centers allows for obtaining chiral nanofibrous hydrogels
that are influenced by adhesion and cell proliferation events. Specifically, two enantiomers of
a 1,4-benzenedicarboxamide phenylalanine derivative have been employed as supramolecular gelators
that produced left- and right-handed helices (Figure 7) [144]. The cell densities of fibroblast and
endothelial cells in left-handed hydrogels were found to be twice those determined for hydrogels
based on right-handed helices. Stereospecific interactions between chiral nanofibers and fibronectin
were responsible for the observed effect.

7. Micro- and Nanogels

Gelling biopolymers as proteins and polysaccharides can be intramolecularly crosslinked to
produce small particles [145] with a globular structure when the concentration of the polymer is
moderate and specifically lower than that employed to produce macroscopic gels [60]. These particles
can be classified into microgels and nanogels when their diameter is lower than 0.5 μm or between
0.5–5 μm, respectively. These hydrogel particles are receiving increasing attention for rheology control,
drug encapsulation, and targeted delivery [146]. Furthermore, particles can swell and deflate in
response to external stimuli (e.g., pH, temperature, ionic strength) and consequently are appropriate
for use in controllable and responsive systems. Cellulose, chitosan, gluten, soy protein, corn zein,
casein, whey protein, gelatin, and collagen are the natural polymers most often employed for the
preparation of these micro/nanogels [147].

Different techniques have been applied to get small gel particles, as indicated in Figure 8. These
involve a typical phase separation caused by coacervation and desolvation, as well as processes
induced by mechanical methods.

Figure 8. Scheme showing the different preparation methods applied for the production of
micro/nanogel particles. Reproduced with permission from [147], copyright 2017 Elsevier.

A simple coacervation process implies only one polymer, whose molecular association may be
favored, for example, by temperature or pH changes or by the use of a salt with higher affinity to
the solvent (e.g., water) than the polymer itself. A typical example is the preparation of chitosan
microgels by the addition of sodium hydroxide to a polymer solution also having a crosslinking
agent (e.g., glutaraldehyde) [148]. Self-association of proteins can also be obtained by typical thermal
denaturation processes as well as by cooling preheated protein solutions. In this case, unfolding took
place in the heating step, giving rise to protein filaments that are able to be associated during the cooling
step under appropriate pH and ionic strength conditions. Microgels based on soy protein (28–179 nm)
were, for example, prepared by the addition of calcium cations, which favored the establishment of
bridges between protein chains [149].

Protein microgels prepared by thermal denaturation are mainly based on the establishment of
hydrophobic interactions. Basically, spherical particles (with diameters close to 50 nm) and strands
(diameter less than 10 nm and length up to tens of microns) can be formed during denaturation,
with the second morphology being favored when strong electrostatic repulsions exist. In a second
aggregation step, fine strands or particulate gels can be derived, as has been reviewed by Nicolai and
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Durant [150]. pH and ionic strength were found to have a high influence on final morphology [151],
as well as the protein concentration, temperature, and heating time.

Two polymers with opposite charges are required for the named complex coacervation process or
associative phase separation. This process appears ideal for the preparation of gel particles composed
of proteins and negatively charged polysaccharides. For example, ovalbumin is a protein that can be
gelled by heat treatment and gives rise to nanogel particles where CS could subsequently be entrapped
through electrostatic interactions [152].

A mechanical device can also be employed to form particles that will then be gelled through
a physicochemical process. These mechanical methods were well explained by Farjami et al. [147] and
include extrusion, atomization, shearing, emulsion, and micromolding processes.

The extrusion method is based on the flow of a polymer solution through a syringe needle, with the
formed droplets hardened in a solution having crosslinking agents (e.g., enzymes and glutaraldehyde),
by a temperature change (as in the case or gelatin), or by forming a complex with other polymers [153].

An aqueous solution of the selected biopolymers can also be atomized into a stream of hot air that
evaporates the solvent. The resultant spray-dried particles can subsequently be rehydrated to form the
corresponding gel particles. Particle sizes can be modified by using different gelling polymers and
agents as well as controlling the speed of the process (gel particles or a continuous gel can be obtained
under fast and slow gelation conditions, respectively). Collagen and carrageenan are good examples
of microgels prepared under this atomization technology [154].

Application of a shear to a biopolymer gel system may induce its breakage and form irregular gel
particles. The process has some advantages related to the facility of modulating the final properties
(i.e., by controlling the shear and thermal history) [155].

Water-in-oil emulsions can be employed as templates where polymers dissolved in the oil phase
are subsequently cross-linked. This technique has been successfully applied for the preparation of
microgels able to encapsulate microorganisms and drugs, as is the case of those based on casein [156]
and whey proteins [157], chitosan [158], and protein/sugar conjugates [159]. In the case of chitosan,
the cross-linking process can also be completed easily by the addition of anionic agents such as sulfates
or citrates, but in general the derived morphologies were irregular. The incorporation of gelatin
allowed an improvement in the ionic crosslinking process and gave rise to regular, spherical and
smooth microspheres with diameters in the micrometer range [160].

Preparation of anisotropic particles with complex architectures is also interesting for innovative
applications like Janus motors [161]. The use of capillary flow-based approaches (e.g., microfluidics)
has been revealed to be highly effective for producing polysaccharide hydrogel hetero Janus
microparticles [162]. By contrast, drug delivery applications require the use of uniform particles
in order to guarantee good repeatable release behavior. The use of a membrane is a methodology
that allows for getting uniformly sized particles since the polymer aqueous solution should permeate
through a membrane with a well-controlled pore size before being emulsified in the oil phase. This
technique has been applied to produce uniform chitosan microspheres for drug delivery, taking
advantage of its excellent mucoadhesive character and good permeability through biological surfaces.
Thus, particles with a highly uniform diameter close to 0.4 mm have been obtained and applied to
encapsulate proteins such as bovine serum albumin [163] and peptides like insulin [164].

Figure 9 shows three methods that are usually applied to form networks from the
nano/microgel particles: (a) direct cross-linking via physical or chemical interactions [165]; (b) reaction
of functionalized microgel particles (e.g., having peroxy groups) with reactive polymers or
even by grafting polymerization of monomers [166]; and (c) physical entrapment of hydrogel
microparticles [167]. Microgels can, for example, be immobilized within the network produced
by an in situ gelling hydrogel. Therefore, administration of the hydrogel is facilitated, while sustained
or prolonged drug release can be achieved when the targeted drug is loaded in the entrapped particles.
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Figure 9. Scheme showing the different preparation methods applied for the production microgel
networks. Reproduced with permission from [147], copyright 2017 Elsevier.

8. Shape Memory Hydrogels

Shape memory polymers (SMPs) are extensively studied due to their capability to fix one or more
temporary shapes and recover their permanent shape under the effect of an external stimuli [168–170].
These properties (i.e., dual and multi shape memory effects) pave the way for the development of
attractive new materials for applications in the biomedical field, aerospace, textiles, etc. [171,172].
Thermo-responsive SMPSs are probably the most usual systems and are specifically based on
crosslinked polymers that adopt a temporary shape by vitrification or crystallization, recovering
their permanent shape after heating [168,169].

Efforts are nowadays also focused on developing shape memory materials based on the
establishment of supramolecular interactions and dynamic hydrogen bonds [173] (Figure 10). These
supramolecular shape memory hydrogels (SSMHs) have the advantage of providing materials
responsive to a wide range of external stimuli at body or ambient temperature since reversible
interactions are usually multiresponsive [174].

Figure 10. Mechanism of SSMHs: A crosslinked hydrogel can be deformed under an external stress
and the temporary shape fixed by an external stimulus that induces the establishment of reversible
interactions. A second stimulus may break the interactions and the material reverts to its permanent
shape. Reproduced with permission from [173], copyright 2017 RSC.

A β-cyclodextrine modified CS has been employed as a SSMHs material taking advantage of the
capability of the hydrophobic internal cavity of cyclodextrine to accommodate guest molecules such as
ferrocene. Specifically, this supramolecular hydrogel was formed by the crosslinked CS derivative and
a ferrocene-modified hyperbranched poly(ethylene imine) [175]. The derived host–guest interactions
were redox-sensitive, being the temporary and permanent shapes achieved in the reduced and oxidized
states, respectively.
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Photoactive gels have also been developed since light is a non-destructive and easily controllable
stimuli. Therefore, photochromic groups (e.g., azobenzene) have been incorporated into functional gels
by means of the supramolecular approach [176,177]. Host–guest inclusion complexes can be formed
between trans-azobenzene groups and cyclodextrines, whereas steric repulsions are dominant when
a bulky cis conformation is preferred. Therefore, systems based on an amphiphilic dendron with three
L-glutamic acid units and an azobenzene moiety have been considered to form hydrogels susceptible
to photo-triggered changes [178].

9. Molecularly Imprinted Hydrogels

Bioactive scaffolds for tissue engineering applications can be prepared by molecular imprinting,
as recently reviewed by Neves et al. (2017) [179]. This technology has the great advantage of providing
molecular memory effects when appropriate intelligent materials are selected [180,181]. Basically,
a template molecule is combined with a functional monomer and finally cross-linked to create
a polymer network. After removal of the template, the final material has ideal functionalization,
cavity size, and shape to act specifically towards specific molecules (Figure 11). This high bioactivity
and recognition ability make molecular imprinting a highly promising tool for tissue engineering.

 

Figure 11. Scheme showing the different steps involved in the molecular imprinting process: Mixing
of the appropriate template molecule and the selected functional monomer(s) and cross-linker(s) in
a solvent; the polymerization of the formed complex; and finally the removal of the template, unreacted
monomer, and cross-linker molecules. Adapted from [179].

Hydrogels have great potential for macromolecular imprinting since they facilitate both the
movement of high molecular weight templates and the production of reversible systems sensitive
to external stimuli (e.g., pH or temperature). In addition, they can be easily processed in different
forms (e.g., sheets, coatings, or capsules). The main problems with such imprinting hydrogels concern
the distortion of binding sites as a consequence of their easy expansion and contraction. Efficiency is
consequently affected but different works have been focused on the development of tissue engineering
applications that extend their most common use as drug delivery systems.

BSA [182,183] and fibronectin (Fn) [184,185], a high molecular weight protein with wound
healing and tissue repair activities, have been successfully employed as template molecules for
alginate-based hydrogels.

CS has also been considered to create pH-, temperature- and ionic-strength-sensitive hydrogels
able to recognize, for example, the dipeptide of carnosine [186], an antioxidant that is found in
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muscle and brain tissue. Most commonly, chitosan has been combined with acrylamide monomers
to form hydrogels that can also be used in biosensing applications such as the recognition of
hemoglobine [187]. Systems based on a mixture of alginates and CS have also received attention
due to the combination of oppositely charged functional groups (e.g., carboxyl and amine for alginate
and CS, respectively), which support the interaction of the hydrogel with differently charged domains
of proteins. The imprinting effect of the alginate/CS combination has effectively been demonstrated
for BSA, lysozime, hemoglobin, and ovoalbumine proteins [188].

Cell adhesion on a particular substrate can also be improved by imprinting morphological
and topographic features of cells (i.e., cells are considered the templates, as an extension of the
abovementioned macromolecules). Despite its high potential, the technique is still in development
and therefore mainly the more elemental acrylamide hydrogels have been assayed. Promising results
have been attained with both epithelial and fibroblast cell lines [189].

10. Protein-Based Hydrogels for 3D Printing

Three-dimensional printing technologies are a focus of increasing interest in the preparation
of scaffolds based on the most important structural proteins (e.g., collagen, fibrin, silk, and
even their composites with hydroxyapatite). Excellent reviews detail the printing parameters and
physical properties of bioinks as well as the biological applications of printed scaffolds [190–195].
Three-dimensional printing technology allows for preparing complex scaffolds where the distribution
of the different components plays a key role in their final performance. Furthermore, scaffolds
can be designed in complex shapes at a reasonable cost, avoiding the use of expensive molds.
Artificial tissues can easily be engineered through 3D bioprinting by precise control over spatial
and temporal distribution of cells and the extracellular matrix components. Cells can be incorporated
into the scaffolds following two approaches: printing a hydrogel precursor containing the selected
cells [196] or depositing cells in the printed gel in a second step [197]. Processing conditions must
be carefully selected in order to avoid cell damage when direct printing of embedded cells is
performed [198]. Attention is nowadays given to three main bioprinting methodologies/strategies
(Figure 12): inkjet-based, laser-assisted, and extrusion-based bioprinting [199]. The first methodology
is based on the deposition of ink drops on successive layers, it being possible to place cells and proteins
onto targeted spatial positions. This layer-by-layer technique is characterized by high resolution,
reproducibility, and inexpensiveness [200]. In the second methodology, a pulsed laser source is able
to transfer heat and eject a cell suspension from a coated absorption layer toward a substrate. Small
volumes (from 10 to 7000 pL) of cell suspension can be printed with high resolution [201]. Cells or
proteins are encapsulated in a hydrogel when the extrusion-based bioprinting is applied. In this case,
a syringe, micronozzle, and pressure system are required to apply the hydrogel onto the substrate
according to a specific 3D design. The process allows obtaining constructions with a relevant shape
and size [202].

Water-soluble polymers able to form hydrogels are ideal components for the bioinks used in
bioprinting technologies. The main advantages correspond to the possibility of controlling the gelation
process and a favorable environment for cell growth [193], with poor mechanical properties and
low dimensional stability as the main problems [199]. In any case, materials should contribute to:
(a) an acceptable printing time, which is mainly influenced by the cross-linking kinetics and the
rheological properties; and (b) a balanced cross-linking density that guarantees mechanical stability as
well as the movement and proliferation of cells [203].

Collagen has been processed by the three aforementioned technologies, concerning in general the
main problem of the mechanical stability of the constructions. Therefore, the use of salts and fillers
has been proposed as well as the development of core/shell structures. In this case, alginate has been
employed as the shell component since it can provide mechanical support to the collagen core after
being cross-linked by the application of a CaCl2 aerosol solution [204]. Treatment of printed scaffolds
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with bicarbonate solutions increased the gelation rate while retaining the original shape and avoiding
shrinkage or swelling effects [205].

Figure 12. Main 3D bioprinting strategies: (A) laser-assisted; (B) injet-based and (C) extrusion-based.
Examples of bioprinting tissues correspond to skin prepared by laser printing (D); branched vasculature
obtained by inkjet printing (E) and heart aortic valve by extrusion bioprinting (F). Reproduced with
permission from [194], copyright 2016 Wiley.

Fibrin is another well-studied structural protein for preparing bioprinted scaffolds. Fibrin matrices
display good mechanical properties and fast gelation and promote tissue regeneration and cell
proliferation [206,207]. A layer-by-layer printing process was, for example, applied to produce scaffolds
with embedded neurons. Specifically, layers of gelled fibrin were prepared from fibrinogen and
thrombin and then neurons were printed on top of the layer. The 3D neural scaffold was attained after
repeating the alternate bilayer printing five times. The final scaffold showed a modulus as high as 2.92
MPa, tensile strength of 1.7 MPa, and neurite overgrowth after 12 days of culturing [208].

Collagen/fibrin mixtures are also considered since they combine the high biocompatibility of
collagen with the fast gelation rate of fibrin. The derived printed scaffolds showed faster wound
closure and vascularization than hydrogels based only on collagen [209].

11. Conclusions

Cellulose and chitin are the two most abundant natural polymers on earth and consequently the
use of them or their derivatives (e.g., chitosan) is widely studied. Biodegradability, biocompatibility,
and renewability are characteristics that enhance their interest for biomedical applications and
specifically for the development of hydrogels useful for tissue engineering, wound dressing,
and drug delivery systems. Advantages related to processability, the presence of functional groups,
and bioactivity have also shifted the research focus to improving solubility and basic properties and
also to developing new physical and chemical cross-linkers. Hydrogels based on proteins are of great
interest for use in physiological environments, taking into account the maintenance of their bioactive
properties (e.g., the capability of collagen to enhance cell proliferation and tissue reconstruction).
Hybrid materials based on their mixtures and the combination with other natural proteins such
as collagen and gelatin may provide materials with considerable advantages over the individual
components. Opportunities to create natural hydrogels are clear, although effort is still necessary to
improve the final performance and get effective nontoxic cross-linkers. In this sense, the development
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of injectable hydrogels able to form in the body without requiring surgery or the development of
stimuli-responsive smart materials is a clear example of the present trends. Double network hydrogels
are highly promising to improve mechanical performance since they intrinsically have toughness
and high resistance to mechanical stress due to the capacity for establishing entanglements that
involve different network structures with efficient energy dissipation. The mechanical performance
of hydrogels can be improved by the incorporation of fillers, with cellulose nanocrystals and
hydroxyapatite being some of the natural compounds most often employed.

The use of hydrogelators based on peptides has great potential in the biomedical field since
they can mimic extracellular matrices. The advantages of such systems concern biocompatibility,
controllable self-assembly, and the feasibility of creating hydrogels under physiological conditions
through the establishment of physical interactions (e.g., hydrogen bonds, π–π stacking, etc.). In fact,
hydrogen bonds are essential in living systems and may allow the culture of cells by means of
proper stimulus (e.g., pH, light, enzymes, etc.). Furthermore, the properties of the derived hydrogels
can be easily varied due to their dependence on the amino acid sequence, it being possible to get
complex responses to external stimuli. Nevertheless, research must continue to address different
challenges such as limited mechanical properties or the control over the porosity and morphology of
the derived hydrogel.

Micro- and nanogels have great potential as drug delivery systems and can be used in other areas
as bioimaging, sensors, and even tissue engineering. The main applications are based on the ability
to tune the particle size from the micrometric to the nanometric scale, together with the large surface
area, which makes bioconjugation feasible, and the inner network that favors efficient encapsulation
of molecules. In this sense, hydrogel particles show clear advantages over typical systems based on
micelles and liposomes.

Shape memory hydrogels can be designed to switch their form in response to external stimuli as
heat, pH, light, or ions. Temporary cross-links can be modified and dual or even more complex effects
can be derived. Recent advances are focused on achieving the appropriate functionality to satisfy the
increasing demand for materials for the biomedical field and even for their use as smart actuators.

Hydrogels appear to be ideal systems for the molecular imprinting of biomacromolecules and
the production of bioactive matrices with recognition ability. Promising results as cell culture systems
have specifically been attained using hydrogels based on natural polymers.

Three-dimensional printing technologies are a major area of development, given that they are
probably the most promising devices focused on biomaterial deposition. In addition, applications
in tissue engineering and medicine are well documented, and the possibility of producing artificial
organs justifies the great research efforts. Different examples emphasize the potential of the technology
for bioprinting natural proteins despite the difficulty of preserving their structure and functionality.
Recent efforts have demonstrated the feasibility of employing ink that incorporates cells as well as the
possibility of culturing cells within the printed scaffolds.
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Abstract: Sufficiently strong interparticle attractions can lead to aggregation of a colloidal suspension
and, at high enough volume fractions, form a mechanically rigid percolating network known
as a colloidal gel. We synthesize a model thermo-responsive colloidal system for systematically
studying the effect of surface properties, grafting density and chain length, on the particle dynamics
within colloidal gels. After inducing an attraction between particles by heating, aggregates undergo
thermal fluctuation which we observe and analyze microscopically; the magnitude of the variance
in bond angle is larger for lower grafting densities. Macroscopically, a clear increase of the linear
mechanical behavior of the gels on both the grafting density and chain length arises, as measured
by rheology, which is inversely proportional to the magnitude of local bond angle fluctuations.
This colloidal system will allow for further elucidation of the microscopic origins to the complex
macroscopic mechanical behavior of colloidal gels including bending modes within the network.

Keywords: colloid gel; grafting density; temperature-triggered gelation; surface initiated atom
transfer radical polymerization

1. Introduction

Colloidal particles are of significant importance to various fields in science and engineering
and to consumer products, such as foods and paints. Upon inducing sufficiently strong attraction
to a colloidal suspension, colloidal particles will aggregate and form a mechanically rigid percolating
network above a critical volume fraction [1]. These structures, known as colloidal gels, can be regarded
as a model for soft heterogeneous solids. Differing from polymeric gels, the bonds between particles
in colloidal gels have a non-permanent nature enabling bonds to reform and individual particles
to rearrange due to mechanical deformation or thermal fluctuations [2–4]. These rearrangements
mainly govern the mechanical behavior of these soft solids and are of paramount importance
to understanding the mechanics of soft heterogeneous solids [5,6].

Many efforts studying the particle dynamics within colloidal gels focus on the attraction strength
as a control parameter. Systematic investigations on colloidal gels typically employ a depletion
attraction [7], where both the range and depth of interaction may be tuned. However, apart from
longitudinal fluctuations such as detaching and attaching, particles can also exhibit transverse modes
of rearrangement such as sliding [3]. Where the first mode is mainly influenced by the inter-particle
potential, the details of the other modes are difficult to unravel, but thought to be governed by the
surface properties of the particles such as their friction coefficients [8]. The implications of such
parameters on the assembly of colloidal systems may be profound, and are only briefly discussed
in the literature; this is partly due to the fact that there does not yet exist an experimental means
to investigate their effects.
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In this paper, we synthesize a colloidal model system that is suitable for systematically studying
the effect of particle surface properties such as grafting density and chain length, on the dynamics
within colloidal gels. We control the grafting density and chain length by using surface initiated atom
transfer radical polymerization (ATRP): The grafting density is tuned by copolymerizing a known
volume of an ATRP initiator-monomer during particle formation and the chain length is tuned
by adding a sacrificial initiator to the bulk solution during the ATRP reaction. We grow a temperature
sensitive polymer, poly(N-isopropylacrylamide), from the particle surface to alter the interparticle
potential dynamically. After inducing an attraction between particles by heating, a clear dependence
on the magnitude of local bond angle fluctuations and linear mechanical behavior of the gel arises
from both the grafting density and chain length. Lastly, we disperse these particles in a refractive index
matching aqueous solution allowing for 3D confocal imaging during gelation.

2. Results and Discussion

The origin of the interparticle attraction between colloidal particles can be varied; common
examples are depletion [7], electrostatic [9], or van der Waals; however, these sources of attraction
cannot be easily triggered. Here, we induce inter-particle attraction using a temperature sensitive
surface grafted polymer, poly(N-isopropylacrylamide) (pNIPAM) [10]. This polymer has a Lower
Critical Solution Temperature (LCST) in water around 32 °C. Above this temperature, the polymers
expel water and demixes from the aqueous solution which induces interparticle attraction [11].
When the temperature is lowered below the LCST, the polymer solubility is enhanced, resulting
in good solvent for T � LCST, and the interparticle potential becomes sterically repulsive. The precise
value of the LCST is sensitive to the composition of the solvent [12] and as a result, we design our
system to be stable in water. One of the challenges with studying concentrated particle suspensions
is that the refractive index, n, mismatch between the water, n = 1.333, and the material of which
the colloids are formed impedes experimental optical techniques due to multiple light scattering.
To overcome this challenge, we synthesize monodispersed particles from poly(2,2,2-trifluoroethyl
methacrylate) (ptFEMA) which has a relatively low refractive index of n = 1.42 which is suitable
for refractive index matching. By forming particles with diameters between 0.5 μm and 3 μm, they
are large enough to be easily visualized by optical microscopy and also small enough to undergo
thermal fluctuations; here, we synthesize 1.00 μm diameter particles. Additionally, these particles are
co-polymerized with 2-(2-bromoisobutyryloxy) ethyl methacrylate (BIEA) which acts as a monomer
during particle synthesis and as an initiator for atom transfer radical polymer (ATRP) [13]. Due to its
two sided functionality, this molecule is called an inimer [14]. Varying the co-polymerization volume
percentage from 0.1% to 3.0% of inimer during particle synthesis enables tuning of the grafting density
on the particle surface. Additionally, ATRP allows for precise control over the length of these grafted
polymers [15]; resulting in the independent ability to tune both the length and density of polymer
present on the particle surface as depicted in Figure 1.

During a typical ATRP reaction, the degree of polymerization is controlled by the molar ratio of
the initiator to monomer. However, the precise molar value of surface available inimer molecules is
difficult to determine. This leaves choosing the appropriate amount of monomer to establish a desired
ratio challenging. To nevertheless control the length of the grafted polymers, we add a conventional
ATRP initiator with identical ATRP initiation rate to the grafting reaction. This yields a free linear
polymer with the same degree of polymerization (DP) as the polymers which are simultaneously
grown from the surface [16]. Gel permeation chromatography (GPC) analysis of the linear polymer
results in a clear dependence in the chain length for the desired DP, while still retaining a fairly
monodisperse distribution as seen in Figure 2.
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Figure 1. Controlled grafting density and chain length using surface initiated atom transfer radical
polymer (ATRP) of poly(N-isopropylacrylamide) (pNIPAM).

Figure 2. Gel permeation chromatography (GPC) elution profiles for polymers with different degrees
of polymerization; with the elution volume of the polymers being inversely proportional to their
respective degree of polymerisation. DP = 10, Mn = 2.9 × 102 g/mol, Mw = 3.1 × 102 g/mol, PDI = 1.10;
DP = 30, Mn = 3.1 × 103 g/mol, Mw = 3.6 × 103 g/mol, PDI = 1.2; DP = 100, Mn = 9.3 × 103 g/mol,
Mw = 1.5 × 104 g/mol, PDI = 1.6.

To obtain a temperature triggerable interaction, a pNIPAM surface modification is insufficient;
electrostatic repulsion between particles must also be tuned. A controlled concentration of salt, 30 mM
NaCl, is added to screen electrostatic repulsions to approximately the length scale of the shortest
surface polymers; the calculated Debye screening length is κ−1 = 1.7 nm. It must be noted that at higher
[NaCl], the LCST of pNIPAM decreases below room temperature [12] and additionally electrostatic
repulsion is insufficient to prevent aggregation by van der Waals forces between particles; the precise
salt concentration is crucial to obtain a temperature sensitive interaction potential via the pNIPAM
grafted surfaces.

To study the structure and dynamics of aggregated surface modified particles, we employ
bright-field microscopy. A two-dimensional array of colloidal particles is formed by simply letting
the relatively dense ptFEMA colloids sediment onto the capillary wall. To prevent particles adhering
to the capillary walls, the capillaries are coated with a polyeletrolyte multilayer which has been shown
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to eliminate wall interactions for pNIPAM layers [17,18]. Once sedimented, the sample is heated
to a temperature slightly below the LCST of pNIPAM in pure water, the particles begin to form
two-dimensional aggregates as seen in Figure 3. For the lowest grafting density, only a few aggregates
are found at this temperature and volume fraction, φ, while at higher grafting density, large extended
aggregates are visible. Correspondingly, for particles with a constant grafting density but differing
chain length, the effects are similar: At the short chain lengths, the degree of aggregation is limited
while at longer chain lengths, very few individual particles exist as seen in Figure 4. Aggregates of
particles with the highest grafting density seem to be smaller than aggregates composed of particles
with lower grafting densities. This may be due to particles with lower grafting densities rearranging
more easily. Within each aggregate, the magnitude of the thermal fluctuations between particles
appears to be directly related to the chain length and grafting density of the surface polymer.

Figure 3. Optical microscopy images for different grafting densities at 32 ◦C in 30 mM NaCl for DP = 100.
(A) 0.1%; (B) 0.3%; (C) 1.0%; and (D) 3.0%.

Figure 4. Optical microscopy images for different chain lengths at 32 ◦C in 10 mM NaCl for a grafting
density of 3.0%. (A) DP = 10; (B) DP = 30; and (C) DP = 100.
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By measuring the angle between neighboring particles over time, we are able to directly quantify
the amplitude of the bond angle fluctuations as a proxy for the friction coefficient. Centers of neighboring
particle are first located and tracked over time; after which the angle, θ(t), is calculated as seen in
Figure 5 inset. The fluctuations about the mean angle, θ(t) = θ(t)− 〈θ(t)〉, are shown for two grafting
densities in Figure 5 (see Supplementary Movies). At lower grafting density, angular fluctuations
are large. Conversely, at a higher grafting density, the angular fluctuations are minimized. A smaller
amplitude in θ corresponds to more hindrances in thermally activated motion between particles
occurring which points at a higher friction between the particle surfaces [18]. Polymer brushes, with
their high grafting densities, have repeatedly been found to be low friction interfaces, seemingly
contradictory to the above observations [19–21]. However, temperature sensitive polymer brushes
tethered to a substrate have been shown to switch from low to high friction above the LCST of pNIPAM
which supports the different amplitudes of θ seen in Figure 5 [22,23]. Therefore, increasing grafting
density also increases the friction between particles; the consequences of this increased friction may
be profound. We hypothesize that colloidal gels with lower friction coefficients and therefore more
flexible bonds are capable of relaxing applied stresses and would result in a lower elastic modulus.

Figure 5. Bond angle fluctuations for samples of DP = 100 with 0.3% (A) and 3% (B) grafting
density. The variance of the fluctuations are 6.7 (deg)2 and 19.2 (deg)2 respectively. Inset; schematic
representation of bond angle calculation between neighboring particles.
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To directly investigate whether more flexible bonds lead to a lower elastic modulus, we use
bulk rheology. At a higher volume fraction, φ = 0.28 ± 0.02, the particle dispersions form elastic
3D colloidal gels upon heating above the LCST. We compare the mechanical behavior of colloidal
gels with differing grafting densities and chain length of the surface pNIPAM polymer. Though the
precise volume fraction of the dispersion is not known, the resulting differences of linear mechanical
response in these gels are larger than the variance caused by the uncertainty in φ as seen in Figure 6.
The elastic modulus of colloidal gels has been shown to scale as, G

′
= (κ0/a)(φ−φc)p where κ0 is the

two-particle spring constant, a is the particle size, p is a scaling exponent which depends on the nature
of the network deformation, and φc is the critical volume fraction which is typically φc ≤ 0.08 [7,24].
Here, φ = 0.28 >> φc, therefore, the uncertainty in φ cannot account for the large variation in the
elastic moduli seen in Figure 6; it must arise from changes in κ0. For the highest grafting densities, the
elastic and viscous responses of the gels converge for all chain lengths. By contrast, at lower grafting
densities the gels are significantly weaker by nearly two orders of magnitude for the longest chain
length; this drop in elasticity corresponds well with the larger magnitude in θ observed microscopically
as seen in Figure 5.

Figure 6. Storage and loss moduli after heating dispersions at φ = 0.28 with 30 mM NaCl to 45 ◦C with
green for DP = 10, gray for DP = 30, blue for DP = 100. All moduli are measured at 1 Hz and γ < 0.03.

Colloidal networks resist mechanical deformation by stretching interparticle bonds and bending
particle strands composed of multiple particles. These bending modes result in angular changes
between individual particles, Δθ, and have been shown to contribute significantly to the elastic
response of colloidal networks [7]. Therefore, hindering these bending modes can directly increase the
elastic response which is seen in Figure 6. How precisely the microscopic changes, grafting density
and chain length, manifest as differences in the macroscopic rheology including yielding is beyond the
scope of this work and has been the subject of extensive simulation studies [25–27].

Finally, these model ptFEMA particles may be fluorescently labeled and dispersed in a refractive
index matching solution of 50 wt % sucrose with 10 mM NaCl. By refractive index matching
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the particles to the suspending solution, light scattering is minimized and by combining fluorescent
labeling, 3D confocal microscopy images may be captured. As the thermo-responsive nature of the
polymer brush is retained in the sucrose solution, the dispersion may still be heated from a colloidal
liquid into a colloidal gel while being imaged deep into the sample, ≈75 μm as shown in Figure 7. From the
individual particle locations, the radial distribution function, g(r/a), was calculated and shown in
Figure 7C; the g(r/a) clearly show a transition from a liquid dispersion of particles to a colloidal gel
by heating. This ability to dynamically induce gelation by heating this particle dispersion with its
controlled pNIPAM surface polymer is similar to previous work where the authors quantified the
kinetics and structure of pNIPAM grafted nanoparticles [28]. In these dynamic light scattering studies,
only the fractal dimension was determined as individual particle kinetics are not available. From this
work, a detailed kinetic aggregation framework was proposed to connect the local particle-level
dynamics to the macroscopic rheology, effectively describing many experimental rheology results on
colloidal gels [29]. The model system proposed here will allow for a detailed study of this kinetics
framework to different gelation processes as well as allowing direct observation of microscopic sliding
dynamics between particles after gelation in three dimensions using confocal microscopy.

Figure 7. Computer-reconstructed visualizations of a sample with particle coordinates obtained from
three-dimensional confocal microscopy data. The field of view is 67 μm × 67 μm × 75 μm. (A) a liquid
dispersion of particles, φ ≈ 0.15, at 25 ◦C in 50 wt % Sucrose with 10 mM NaCl; (B) a colloidal gel
of the same dispersion at 50 ◦C; (C) calculated radial distribution functions normalized for particle size,
a, for gel (red, A) and liquid dispersion (black, B).

3. Conclusions

We have developed a thermally responsive colloidal system with controlled grafting density and
chain length of a pNIPAM polymer on the particle surface. Upon heating, such dispersions form a
colloidal gel. Both the microscopic bond angle fluctuations and macroscopic elastic moduli exhibit
a clear dependence on both grafting density and chain length. The unique combination of complete
transparency, tunable particle surface properties and temperature-triggerable interactions paves the
way to the study of gelation kinetics in three-dimensions with high resolution.

4. Materials and Methods

All materials were purchased from TCI Europe (Zwijndrecht, Belgium) and used as received
unless otherwise noted. N-Isopropyl acrylamide (NIPAM) monomer was recrystallized from n-hexane
prior to use. Additionally, the inimer monomer, 2-(2-bromoisobutyryloxy) ethyl methacrylate (BIEA),
was synthesized as previously reported [13,14].

4.1. Particle Synthesis

We synthesized poly(2,2,2-trifluoroethyl methacrylate) (ptFEMA) colloidal particles
co-polymerized with 2-(2-bromoisobutyryloxy) ethyl methacrylate using free radical dispersion
polymerization [13]. To a 500 mL round bottom flask is added 30 mL water, 270 mL methanol, 25 mL
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2,2,2-trifluoroethyl methacrylate, 250 mg 2,2-azobis(2-methylpropionitrile), 250 mg 3-sulfopropyl
methacrylate potassium salt (Sigma-Aldrich, St. Louis, MI, USA) and 25μL of BIEA (0.1 vol % to
monomer). The flask is placed under reflux conditions in a silicone oil bath preheated to 80 ◦C and
allowed to polymerize for 4 h. The resulting particles have a hydrodynamic diameter, a = 1.00μm
with a polydispersity index, PDI = (σ(a)/〈a〉) = 0.01 as determined by Dynamic Light Scattering
(DLS). The reaction is repeated with 75 μL, 250 μL and 750 μL of BIEA to arrive at 0.3 vol %, 1.0 vol %
and 3.0 vol % of inimer respective to monomer, with no measurable change to particle diameter or
polydispersity.

4.2. Surface Initiated ATRP

Particle dispersions were washed three times by centrifugation at 250× g into a 1 wt % solution of
L23 surfactant (Sigma-Aldrich) to a final volume of 200 mL. To graft polymers from the particle surface,
50 g dimethylformamide, 2 g NIPAM (1.7 × 10−2 moles), 0.47 mL tris[2-(dimethylamino)ethyl]amine
(1.7 × 10−3 moles), 0.253 mL ethyl α-bromoisobutyrate (1.7 × 10−3 moles) were added to a 250 mL
round bottom flask. The solution was bubbled with nitrogen for 15 min, after which 0.168 g of Cu(I)Cl
(1.7 × 10−3 moles) was added to initiate the polymerization. The above procedure yielded a DP = 10
as shown in Figure 2. For DP = 30, 50 mL particle dispersion, 50 g dimethylformamide, 2 g NIPAM
(1.7 × 10−2 moles), 0.156 mL tris[2-(dimethylamino)ethyl]amine (0.56 × 10−3 moles), 0.084 mL ethyl
α-bromoisobutyrate (0.56 × 10−3 moles) were added to a 250 mL round bottom flask, bubbled, and
initiated with 0.056 g of Cu(I)Cl (0.56 × 10−3 moles). For DP = 100, 50 mL particle dispersion, 50 g
dimethylformamide, 2 g NIPAM (1.7 × 10−2 moles), 0.047 mL tris[2-(dimethylamino)ethyl]amine
(1.7 × 10−4 moles), 0.025 mL ethyl α-bromoisobutyrate (1.7 × 10−4 moles) were added to a 250 mL
round bottom flask and initiated with 0.017 g of Cu(I)Cl (1.7 × 10−4 moles). These procedures were
repeated for each BIEA volume ratio, 0.1%, 0.3 vol %, 1.0 vol % and 3.0 vol %, to yield a total of
12 different particle dispersions each with a unique grafting density and chain length. After surface
modification, the dispersions were centrifuged and the supernatant collected and purified before
GPC measurements. The sedimented particles were redispersed in 20 mL of demineralized water
and each particle dispersion was dialyzed for 10 days again in deionized water to remove Cu(I)Cl
and the surfactant L23. The hydrodynamic diameters of the particles after surface modification have
been characterized by DLS using a second-order cumulants fit to the correlation functions. The results
show an increasing trend only for the particles with the highest surface grafting density, 3%, from
a = 1020 ± 68 nm for the bare particles to DP = 10, a = 996 ± 63 nm; DP = 30, a = 1044 ± 31 nm; and
DP = 100, a = 1112 ± 40 nm.

The supernatant was heated to 80 ◦C overnight to remove water and then precipitated in diethyl
ether, dissolved in chloroform, and precipitated again, a total of three times. The precipitate was dried
and dissolved in water and mixed bed resins (AG501-X8, Bio-Rad, Hercules, CA, USA) were added to
remove copper salts. The resins were filtered away and the now clean pNIPAM polymer was freeze
dried. GPC measurements were performed on 5 mg/mL samples in a solution of tetrahydrofuran with
5 vol % triethylamine at a flow rate of 1 mL/min at 35 ◦C on an Agilent Technologies 1200, PLgel 5μm
Mixed-D column [30]. The column was calibrated prior to use with linear polystyrene dissolved in the
above solvent.

4.3. Fluorescent Labeling

A single dispersion, 1 vol % BIEA with DP = 100, was fluorescently labeled. A miniemulsion
was prepared by tip sonication, containing 0.2 mL toluene, 5 mg boron-dipyrromethene 543 dye
(Excition, Inc., West Chester, OH, USA), and 4 mL 1 wt % solution of L23 surfactant. To this
miniemulsion, 1.5 mL of particle dispersion at φ = 0.30 was added. This dispersion was mixed
for 3 days to allow the particles to swell and take up the dye. Subsequently, dry nitrogen was blown
over the top of the dispersion to remove toluene and kinetically trap the dye inside the particles. This
fluorescently labeled dispersion was dialyzed against deionized water to remove L23. Sucrose was
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then added as a powder and dissolved to a final concentration of 50 wt % which resulted in a refractive
index matched dispersion.

4.4. Microscopy

Bright field and confocal microscopy experiments were performed in capillaries of 40 mm ×
4 mm × 0.2 mm inner dimensions coated with polyelectrolyte multilayers. Capillaries were first
plasma treated, then submerged into a 1 M NaCl solution with 1 wt % poly(diallydimethyl ammonium)
chloride (Mw ≈ 5 × 105 g/mol, Sigma-Aldirch), then washed extensively with deionized water,
then submerged in a 1 M NaCl solution with 1 wt % poly(styrene sulfonate) (Mw ≈ 2 × 105 g/mol,
Sigma-Aldrich) and finally washed extensively with deionized water. This layer-by-layer treatment
was repeated three times for a total of six layers. A dilute suspension of each particle dispersion,
φ = 0.001, was prepared by diluting with either a 10 mM or 30 mM NaCl solution, loaded into a
coated capillary, allowed to sediment over 1 h and finally heated to the desired temperature using
a home-built objective and capillary heater. Samples were allowed to equilibrate for 10 min at
each temperature before imaging. Images were then captured using a Nikon microscopy (Nikon
Instruments, Amsterdam, The Netherlands) with a 60× water immersion objective at 50 fps using a
Fastec HiSpec1 camera (Fastec Imaging Corporation, San Diego, CA, USA). Confocal microscopy 3D
images were captured using a Zeiss LSM5 Pascal (Carl Zeiss AG, Oberkochen, Germany) with 488
nm excitation and 100× oil immersion objective. The refractive index matched dispersion in 50 wt %
sucrose with 10 mM NaCl was first imaged at room temperature then quickly heated to 50 ◦C. Particle
centers were located using standard locating software [31] using Matlab.

4.5. Rheology

For rheology measurements, each dialyzed dispersion was allowed to sediment over several
days and the supernatant removed until the dispersion obtained a high volume fraction, φ > 0.30.
Each dispersion’s volume fraction was measured by drying a known mass of dispersion, ≈1.00 g,
in an 80 °C oven overnight; this method exhibited repeatability within 6% of the mean. To this measured
dispersion, a small volume of water and 2.0 M NaCl was added to obtain φ = 0.28 in 100 mM NaCl
for each dispersion which was measured using an Anton Paar MCR501 rheometer (Anton Paar, Graz,
Austria) with a 50 mm diameter cone-plate geometry. A solution of tetradecane was added around
the geometry to minimize evaporation. The dispersion was heated to 45 ◦C in 10 min and allowed to
gel further over 1 h, then measured at 1 Hz with an applied strain from γ = 0.001 to γ = 1.00 and an
average value taken within the linear regime, typically γ < 0.03.

Supplementary Materials: The following are available online at www.mdpi.com/2310-2861/3/2/21/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

pNIPAM poly(N-isopropyl acrylamide)
ptFEMA poly(2,2,2-trifluoroethyl methacrylate)
BIEA 2-(2-bromoisobutyryloxy) ethyl methacrylate
ATRP Atom Transfer Radical Polymerization
GPC Gel Permeation Chromatography
DP Degree of Polymerisation
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Abstract: The formation of complexly structured and shaped supraparticles can be achieved
by evaporation-induced self-assembly (EISA) starting from colloidal dispersions deposited on
a solid surface; often a superhydrophobic one. This versatile and interesting approach allows for
generating rather complex particles with corresponding functionality in a simple and scalable fashion.
The versatility is based on the aspect that basically one can employ an endless number of combinations
of components in the colloidal starting solution. In addition, the structure and properties of the
prepared supraparticles may be modified by appropriately controlling the evaporation process,
e.g., by external parameters. In this review, we focus on controlling the shape and internal structure of
such supraparticles, as well as imparted functionalities, which for instance could be catalytic, optical
or electronic properties. The catalytic properties can also result in self-propelling (supra-)particles.
Quite a number of experimental investigations have been performed in this field, which are compared
in this review and systematically explained.

Keywords: superhydrophobic surfaces; droplets; nanoparticles; evaporation; self-assembly;
self-propelling; anisometric; colloids; supraparticles; functional materials; catalysis

1. Introduction

Self-assembly of colloids into bigger particles (from μm to mm) has been in the focus of colloid
and material research for some time, as it allows for the fabrication of materials providing various
functionalities [1–3]. Their production can be accomplished by the utilization of several different
techniques that have been developed over the last few years, such as sedimentation, evaporation,
adsorption, external force fields, bio-recognition or surface and droplet templating, which have
been summarized elsewhere [4–6]. Especially, considering the ratio of estimated fabrication costs vs.
the added value in terms of provided functionality is a crucial aspect, when it comes to potential
applications or scale-up for industrial production. Hypothetically, this ratio has been estimated by
Velev and Gupta as shown in Figure 1 [4]. They were also relating principally available techniques,
also those mentioned above, to the accessible dimensionality (1D, 2D or 3D) and scalability of the
procedure. One may state that usually, the lower cost processes are favored for scaling up [4]. Besides
the applied technique, also the quality of materials plays an important role. When considering
dispersed particles, especially on the micron- or even nano-meter scale, the efforts needed for their
synthesis may increase dramatically when seeking a high degree of monodispersity, as for instance
required in photonic applications [7]. In order to produce high quality photonic crystals [8], a defined
control of inter-particle spacing is needed to achieve a high sensitivity for the desired diffracted
wavelength. Thus, this sensitivity depends on the fluctuations in particle size as that determines
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the quality of the corresponding crystal lattice. This correlation of in-depth lattice spacing with
the resulting diffracted wavelength is expressed by Bragg’s law [9]. Moreover, besides pure size
aspects of the assembling particles, also their shapes, either static [10–13] or dynamic [14,15] can be of
major importance.

 
Figure 1. Hypothetical qualitative estimation of the value-to-price ratio for different products gathered
by colloidal assembly. Adapted with permission from [4] (p. 7), Copyright 2009 Wiley.

There exist multiple ways of producing colloidal assemblies, such as supraparticles, that differ
with respect to dimensionality, cost and scale. Many of these ways have been reviewed by Velev
and Gupta [4]. In general, all of these methods start from confining the colloidal building blocks
within a droplet (or generally a container). This could for example be done using emulsion droplets,
where the solubilized liquid becomes removed by heating and other approaches. However, our main
focus in this work will be set on evaporation-induced self-assembly (EISA) on super-repellant solid
surfaces, typically superhydrophobic ones. In the following sections, we shall give a detailed overview
of the basics of this technique, in terms of the materials applied and the condition parameters to be set,
as well as the most recent materials fabricated by it.

In that context, EISA is a particularly simple and therefore appealing approach, in which one
simply evaporates the solvent of a colloidal dispersion leading to a situation where the ingredients
become more or less arranged during the drying process [13,14], thereby forming self-assembled
nanostructures in a simple way. In this fashion, one may access structured thin films [16,17], but also
supraparticles by the preparation from droplets deposited on a solvophobic surface. Probably the most
common version of the latter are superhydrophobic surfaces applicable to water droplets [18–22].

In the scope of this review, we will present recent achievements in the field of supraparticle
fabrication using aqueous suspension droplets dispensed and dried on superhydrophobic surfaces,
i.e., using EISA and droplet templating. After some fundamental discussion of EISA and the
droplet templating method, as well as superhydrophobic surfaces, we will show possible ways
to create supraparticles of various shapes, hierarchical structures (like Janus-type) and functionalities.
Furthermore, we will give some general discussion about applications for supraparticles that have
recently been developed. It may be noted that in our review we focus on large supraparticles in the
size range of hundreds of μm or even mm, neglecting the abundant work on smaller-sized assemblies.

2. Evaporation-Induced Self-Assembly and the Droplet Templating Method

The concept of evaporation-induced self-assembly (EISA) uses the controlled removal of a volatile
component to trigger the defined aggregation of contained materials. This aggregation can either occur
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due to continuously limiting the available space for the dispersed components or simply due to their
increasing concentration. One example for the latter can be found within mixed surfactant systems,
in which the starting solution has a concentration below the cmc (critical micelle concentration),
which is surpassed during subsequent evaporation of the solvent. This leads to spontaneous formation
micellar aggregates [23,24]. In this article, we shall focus on systems of colloidal dispersions containing
insoluble particles, which are forced to assemble thereby potentially promoting colloidal crystallization
via EISA [5,8,25].

At first glance, a simple system to do so is represented by droplets with suspended colloidal
components. These droplets can either float in an immiscible second liquid, e.g., water droplets in
fluorinated oil, or be dispensed on a solid surface. Considering the latter, the resulting assemblies
strongly depend on the type of surface used, as the interaction between the droplets’ liquid phase
and the solid substrate may vary substantially. Therefore, the wetting properties constitute the
predominant influencing parameter, characterized by adhesion forces and contact angle (CA). The CA
for a droplet deposited on a solid substrate depends on the interfacial tensions between the different
phases (Figure 2) and is given by Young’s equation (Equation (1)), with θ being the CA and γ the
interfacial tension between the solid (s), gas (g) and liquid (l) phases, respectively.

cos θ =
γsg − γsl

γlg
(1)

Figure 2. Scheme describing the contact angle (CA) θ of the liquid droplet on a solid substrate and its
relation to the different interfacial tensions between the solid (s), liquid (l) and gas (g) phase, as related
to each other by Equation (1).

A well-known phenomenon related to drying suspension droplets on solid surfaces at low
CA is the so-called “coffee-ring effect” [26,27]. Closer investigation of the leading mechanism
in these drying spherical cap droplets revealed that convective liquid transport occurs from the
center apex down and outwards to the three-phase contact line (TPCL). This preserves the geometry
upon strong evaporation at the droplet edge, which is driven by pinning of the TPCL due to the
contained particles adhering to the surface, thus prohibiting transversal shrinkage during evaporation.
Consequently, colloidal material accumulates and finally precipitates at the TPCL, leaving a solid
ring-like pattern. Such a pattern can be quite characteristic for the dried sample, e.g., depending on
its ionic strength [28,29]. This effect can for example be of interest for diagnostic purposes when
investigating dried droplets of blood, as shown in Figure 3 [30,31].

The formation of “cracks” such as seen in Figure 3 is always an indication of rather small CAs and
pronounced pinning of the droplets on the substrate. In that context, it might be mentioned that such
cracks have also been observed very pronouncedly for drying droplets containing mixtures of DNA
and small silica nanoparticles (Figure 4). The final solid films showed interesting surface patterns
with unique shapes, which are induced by local segregation of the two colloidal components of DNA
and silica [32]. For more complexly-composed colloidal mixtures, such local segregation is a further
complication that may arise in the EISA process.
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Figure 3. Blood samples dried on a glass surface from: (a) 27-year-old healthy woman; (b) a person with
anemia; (c) a 31-year-old healthy man; (d) a person with hyperlipidemia. Adapted with permission
from [30] (p. 90). Copyright 2011 Cambridge University Press.

 

Figure 4. (a) SEM image of dried drops for a ratio of silica NPs (diameter: 10 nm)/DNA (20,000 bp)
ratio 1:0.5. The scale bar is 200 μm; (b) HR-SEM images of dried drops for an NP/dsDNA ratio of 1:0.5.
The scale bar is 2 μm. Adapted with permission from [32] (p. 3663). Copyright 2014 Springer Nature.

The process of coffee-ring formation is counterbalanced by the Marangoni effect [33–35].
This effect describes convection processes arising from thermally-induced gradients in the droplet’s
interfacial tension (also called Bénard–Marangoni convection). In addition, convectional flow simply
arising from a decrease in surface temperature due to evaporation is observed, which then in turn
causes density differences (see also Figure 5). Usually, the occurrence of coffee-ring deposits indicates
stronger evaporation closer to the TPCL and low or even absent Marangoni stresses [36]. It is also
reported that experimentally, Marangoni convection in water droplets is often lower than expected
from theoretical simulations, which can be related to the surface contaminants enriching at the water
interface with ease and, hence, lowering the interfacial tension [35,37]. Generally, thermal conductivity
and the latent heat of evaporation are important parameters that determine the extent of Marangoni
flow in an opposing fashion due to the generation of a thermal gradient, but also concentration
gradients of ingredients, e.g., surfactants, may induce such convective flow. However, for the case of
EISA, the thermal gradient-induced Marangoni effect should play the predominant role. Furthermore,
the Marangoni convective flow may also completely reverse the coffee-ring effect, as reported for
octane droplets on glass [35].

The basic concepts of microfluidic flow inside sessile droplets are usually discussed for the case
of a pinned droplet contact line, i.e., the “constant contact radius” (CCR) mode. Of course, one may
also observe the complementary case, in which the droplet’s contact line successively recedes at
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constant CA due to the absence of any pinning effects, i.e., “constant contact angle” (CCA) mode.
The details of the evaporation process for the two different modes (CCR and CCA) are described in
Figure 5. In contrast to the coffee-ring effect, Marangoni convection will occur for both CCR and CCA
modes [33,34]. It might be added here that it is also possible to use electric fields to manipulate the
wetting behavior of a sessile droplet [38–40].

Figure 5. Schematic description of the different modes observed for a drying droplet on a solid
substrate, with the mass flow of cooled water (blue arrows) and that due to the interfacial tension
gradients (Marangoni flow; red arrows) being indicated for: (a) constant contact angle (CCA) mode,
as observed on most superhydrophobic surfaces; (b) constant contact radius (CCR) mode.

The provided mode of wetting directly controls the kinetics of the evaporation process, which has
been semi-empirically analyzed by Picknett and Bexon [41]. It was already postulated by Maxwell
that the rate of mass loss dm

dt of an evaporating sessile droplet is attributed to the product of the vapor
diffusion coefficient D in air and the difference of the vapor concentration at the droplet surface cs

(which can be approximated by the saturation vapor concentration), its value in the surrounding c∞,
as well as the shape-dependent electrostatic capacitance C (Equation (2)) [42].

dm
dt

= 4πDC(cs − c∞) (2)

Starting Snow’s series [43], Picknett and Bexon used a polynomial evaluation for equiconvex
lenses, being similar to those of sessile droplets at different CAs. As a result, an empiric expression was
obtained giving C/r as a function of the CA, represented by f (θ), with r being the droplet radius [41].
In this way, one accounts for the interfacial blockage by the solid surface, which prohibits free vapor
diffusion and thus reduces local evaporation. For 0.175 ≤ θ ≤ π, this translates into Equation (3).

f (θ) = C/r = 0.00008957 + 0.6444 θ + 0.1160 θ2 − 0.08878 θ3 + 0.01033 θ4 (3)

At this point, it also becomes clear that the mode of evaporation (CCR or CCA) clearly affects
the evaporation as for the case of CCA f (θ) remains constant, while for CCR, the changing CA will
also have an effect. Now, for the case of a constantly-receding contact-line, i.e., in the absence of
droplet pinning, Equation (2) translates to a simple expression (Equation (4)) for the V(t)-function,
with V0 being the initial volume and ttotal the total drying time. However, it might be noted that
in recent investigations on sessile droplets of aqueous saline solutions (CAs between 2◦ and 50◦),
high salt concentrations and small contact angles showed significantly lower evaporation rates than
expected from simple diffusion-controlled evaporation. Particle tracking experiments proved that this
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lower evaporation has to be attributed to the Marangoni effect [44]. In contrast, it has been observed
that the presence of nanoparticles increases the evaporation rate of aqueous droplets, as observed
for anthraquinone nanoparticles (diameter: 285 nm) on a hydrophobized silica wafer (CA: 80◦) [45].
Furthermore, for evaporating droplets with an initial CA larger than 90◦, one may start with a CCA
mode, then switch to a CCR mode and end the evaporation in a mixed mode [46]. In general, it may be
concluded that the description of the evaporation processes of droplets can become quite complicated,
especially for more complex geometries. Moreover, the change in composition of the drying droplet
may also have a substantial impact on the interfacial properties and, hence, on the evaporation process.

V(t) = V0

(
1 − t

ttotal

) 3
2

(4)

Obviously, in order to produce defined assemblies of micro- or nano-particles, which after
production can be easily isolated from the surface, one will preferentially use surfaces with low
adhesion forces, thus avoiding pinning of the liquid. Superhydrophobic surfaces represent a nice,
biomimetic example for this purpose. Due to their large CA and, mostly, low adhesion forces,
they represent an ideal substrate for the preparation of particle assemblies that allow for easy separation
after drying. Hence, for the sake of completeness the basic concept of superhydrophobic surfaces will
be discussed in the following section.

3. Superhydrophobic Surfaces

Superhydrophobic surfaces represent a class of biomimetic, nanostructured materials, where usually
the term “superhydrophobicity” accounts for water contact angles (WCA) larger than 150◦ [18–22].
A common example from nature for water super-repellency is the “lotus-effect” [47] as seen for the
leaf of sacred lotus [48], which also has been mimicked by artificial fabrication [49]. In general, it can
be concluded that it is the combination of chemical hydrophobicity paired with surface texture on the
micro- or even nano-scale, which is essential for achieving such high WCAs. Consequently, the main
challenge for the artificial preparation of superhydrophobic surfaces is the introduction of surface
roughness on the nm to μm scale in hydrophobic surfaces. A large variety of different technical
approaches has been developed over the past years to address this challenge [50], and the bare number
of publications available in the field of superhydrophobic surfaces is a statement of the success of
this concept, as well as its relevance for applications. This is one reason why scientists’ curiosity
even pushed the development further towards the creation of superamphiphobic surfaces, capable of
efficiently repelling both oil and water [51,52]. Starting Young’s equation (Equation (1)), this is quite
remarkable when considering the large range of interfacial tension values covered when comparing
water to typical oils.

3.1. Wetting Modes

For superhydrophobic surfaces, a rough surface topography is essential to amplify hydrophobicity
in order to reach WCAs of greater than 150◦. Thus, the solid surface will consist of grooves on the micro-
to nano-scale, where their ratio is proportional to surface roughness. Consequently, when depositing
a water droplet on such a surface, one may imagine two limiting cases: either the liquid is sitting on
top of the grooves, i.e., air stays entrapped within the grooves or the liquid is penetrating the same.
The former state is known as Cassie’s (Cassie–Baxter) [53] and the latter as Wenzel’s [54] mode of
wetting, as shown in Figure 6a,b, respectively. In the Cassie–Baxter state, the droplet is situated on
top of the surfaces structure, while air stays entrapped within the interspacing provided by surface
roughness (Figure 6a). Hence, at these regions, instead of wetting the surface, the droplet is in contact
with air, which is the most hydrophobic (solvophobic) medium. Again, considering Young’s equation
(Equation (1)), this then favors a higher CA due to γsl = γlv. Note that for most polymeric or waxy
substrates γsl is about equal to 30–50 mN/m, which is substantially lower than γlv (72.8 mN/m at
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25 ◦C). Therefore, maximizing the fraction of interspatial air pockets entrapped within the solid surface
leads to CAs approaching 180◦. In contrast to that, in the Wenzel state, the droplet penetrates the
interspatial volume and fully wets the surface (Figure 6b).

Figure 6. Wetting of superhydrophobic surfaces: (a) Cassie state with entrapped air within the surface
grooves; (b) Wenzel state with liquid filling the grooves. Dynamic wetting strongly depends on the
prevailing mode of (a) versus (b): (c) the difference of advancing (θA) and receding (θR) CA is the
measure of the surface hysteresis and droplet adhesion.

Another important quantity is the CA hysteresis, especially when considering the self-cleaning
effect of superhydrophobic surfaces. CA hysteresis is determined by the difference of the advancing
(θA) and receding (θR) CA, as shown in Figure 6c. Low hysteresis equals a low tilting angle (αT)
being necessary to cause the droplet to roll off the surface. Accordingly, paired with low adhesion
forces, these rolling droplets can collect dirt particles from the surface, thereby promoting self-cleaning,
as known from many plant leaves. This effect has been the inspiration for numerous materials
and applications [55], such as self-cleaning and dirt- and water-repellent coatings used on tiles,
roofs or panels (for instance, in bathrooms or kitchens). Using such coatings on glass leads to the
“anti-fog” effect, while also antimicrobial coatings based on superhydrophobic surfaces have been
investigated [55].

Usually, CA hysteresis stays lower for droplets in the Cassie–Baxter as compared to the Wenzel
state. However, this does not automatically imply low roll-off angles for the Cassie–Baxter state.
Moreover, the roll-off angle depends on the pinning forces at the contact area between solid and
liquid [56]. Generally, it may be stated that for supraparticle formation by EISA, the Cassie–Baxter
state with a CA as high as possible is to be preferred.

3.2. Production of Superhydrophobic Surfaces

For the preparation of superhydrophobic surfaces, there exists a large range of different
approaches, which also have been reviewed comprehensively in recent times [57,58]. Accordingly,
we refrain here from describing these processes in further detail, but instead will briefly describe two
typical approaches that also have been successfully employed in our work. One of them employs
superhydrophobic surfaces produced by an electrochemical deposition (ECD) method [59]. The other
is a soot-based method comprising a chemical vapor deposition (CVD) leading to surfaces that can
either be rendered superhydrophobic or even superamphiphobic, the latter meaning super-repellant
for water and oil [51].
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ECD methods usually employ an electrochemical potential to deposit dissolved material from
solution onto a surface substrate. This usually leads to a uniform and highly porous surface coverage.
If the material deposited is not hydrophobic enough by itself, further chemical modification may
serve to complete superhydrophobic surface formation. For example, a suitable approach was
reported by Gu et al. utilizing activated copper surfaces. Here, activation usually just means surface
polishing to remove the passivation layer of copper oxide or sulfide (typical reactions, when left in
air) [59]. When immersed in a silver nitrate solution, a black precipitation layer of silver is formed
on the copper surface. Thus, if choosing the appropriate time of immersion and silver concentration,
highly porous, coral-like structures are achieved within the solid silver layer. Further functionalization
with an aliphatic thiol, such as 1-dodecanethiol, then leads to a well-performing superhydrophobic
surface with a CA above 150◦ and low CA hysteresis [59].

Another method well-known to most of us from childhood days is that of covering a heat-stable
surface, such as a spoon, with soot by holding it into the flame of an ordinary candle. Unluckily,
the adhesion of the as-deposited carbon layer is very poor, which results in its immediate rupture
when exposed to a rolling water droplet (similar to the self-cleaning effect of lotus leaves [48]). Hence,
Deng et al. searched a way to preserve the structure of the soot, while at the same time increasing
its stability [51]. In order to do so, they covered the soot surface layer with a robust silica shell using
CVD of a silica precursor (like tetraethyl-orthosilicate (TEOS)). After subsequent removal of the soot
using calcination at high temperatures and functionalization with an appropriate aliphatic silane via
CVD of a corresponding precursor, as a result, a superhydrophobic or, in the case of a fluorinated
silane, a superamphiphobic surface could be achieved. Surfaces of this kind provide a CA above
150◦ and low CA hysteresis. Another aspect attributing quite some elegance to this method is the
fact that the application of this layer can occur on any surface able to resist the temperatures used for
the calcination step. Moreover, if carefully done, this surface also provides high transparency [51],
which for example even allows experiments with an inverse optical microscope setup for observing
the inside of the droplet from below the surface [60]. It might be noted here that the curvature of
small-scale roughness was revealed to play a key role for achieving high resistance against wetting,
thus being of major importance for acquiring superamphiphobicity [61].

For the sake of not losing our intended focus of this review, we will not further discuss the many
other preparation methods available. Instead, the interested reader is referred to comprehensive
reviews giving a nice overview of superhydrophobic surfaces and their different preparation methods
that have been accomplished [19,22,50,52].

4. The Concept of Supraparticle Formation

Supraparticles can be created by self-assembly of colloidal components into larger, ordered
arrays [62]. Such supraparticles can possess a large number of combined functionalities as they may
contain many different colloidal materials of a specific nature, like proteins [63,64], photosensitive
particles, such as semi-conductors [65,66], or magnetic materials [67,68].

With respect to their preparation, a controlled guiding of the assembly process is vital in order
to create supraparticles in a defined way [69]. This means that typically, one employs droplets as
the confining object within another, immiscible liquid or on a solid surface. Accordingly, besides
assembling particles from freely-suspended solutions [65,70], several methods have been developed
employing droplets as confining geometry. There are different methods suitable for generating droplets,
such as emulsion techniques [71–74], microfluidics [75–78] or ink-jet printing [79–82], that besides
precise control on the droplet size, also offer potential for scalability towards mass production.
Apart from just serving as a container for the contained particles, the droplets may also actively
promote the assembly process by drying induced shrinkage that constrains the colloidal components.
One way to do so is dispersing aqueous colloidal suspension droplets in hydrocarbon or fluorinated
oil with subsequent removal of the aqueous phase [25]. In such a setup, the position of the droplets can
also be controlled using separately addressable electrodes constructed in an array allowing for defined
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droplet dielectrophoresis [83]. Some examples for resulting supraparticles achieved by such processes
are illustrated in Figure 7 for the case of polystyrene (PS) latex particles dispersed in aqueous droplets
floating in fluorinated oil.

The supraparticles shown in Figure 7a,b show a remarkably smooth and regular structure,
which is also indicated by the colored appearance under top-light illumination. This color effect
requires long-range ordering of the particles, which was corroborated by analyzing the colloidal
structure with scanning electron microscopy (SEM). Here large arrays of regularly-ordered particles
within hexagonal closely-packed planes and face-centered cubic lattices were observed, as illustrated
in Figure 7c,d [25]. The driving force for this high degree of ordering was addressed by Denkov et al.,
who investigated 2D arrangements of monodisperse and micron-sized PS-latex particles on a solid
surface [84,85]. They found that crystallization, i.e., the ordering process, always occurred when
the height of the liquid’s meniscus reached the particle diameter. Furthermore it was found that
this fact neither depends on the ionic strength of the suspension, nor on the surface charge or initial
concentration of the particles. Thus, electrostatic and van der Waals interactions could be excluded as
governing factors [85]. Instead, capillary forces between the particles caused by the menisci formed and
convective particle transport within the solution were found as the predominant control parameters.
This extraordinarily high degree of long-range ordering also leads to a precise control of the porosity,
e.g., by tuning the size of the particles or applying additives, such as glucose [86] or DNA to drying
silica suspensions [32]. Using a microfluidic setup and analyzing the time-dependent solute release
profile from similar sub-mm-sized supraparticles containing 320-nm diameter PS latex microspheres
using a dye, Rastogi et al. showed that such assemblies provide a permeable matrix allowing for
a more homogeneous and slower dye release compared to normal pellets [87]. The internal structuring
of colloidal spheres within liquid droplets also was discussed based on geometrical constraints,
surface tension and the interparticle potential. Depending on the detailed conditions, one may expect
the formation of colloidal clusters, colloidosomes or Pickering emulsions [88]. Here, the latter two
structures are most likely to be observed upon the conditions prevalent if the second phase is another
liquid, i.e., in an emulsion.

 

Figure 7. Typical examples for supraparticles prepared by drying of aqueous droplets containing
polystyrene (PS) latex particles dispersed in fluorinated oil. Spherical supraparticles are formed
showing different color patterns based on the size of the PS latex particles: (a) 270 nm and (b) 320 nm,
scale bars = 500 μm. These patterns arise from light-diffraction due to long-range ordering of the
particles as shown in (c) at the surface and (d) along the vertically-broken edge of a similar supraparticle;
scale bars = 1 μm. Adapted with permission from [25] (p. 2241). Copyright 2000 Science.
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5. Supraparticles by EISA on Superhydrophobic Surfaces

In the following, we will focus on supraparticles obtained by drying aqueous suspension droplets
on (solid) superhydrophobic surfaces. Recent work in that field has shown how simple procedures
grant precise control over the shape and internal hierarchical structure in these supraparticles, thereby
leading to new kinds of functional materials.

One major drawback of using a two-liquid system, as often employed, is the difficult isolation of
the obtained products and their purification. This fact gave rise to the utilization of superhydrophobic
surfaces. Due to their high WCA, these surfaces also provide spherical droplets and thus isometric
surrounding conditions, but avoid the need of subsequent separation of a second (oil) phase from the
dried supraparticles. Instead, those can readily be collected from the surface due to low adhesive forces
(as evident from the high WCA and low roll-off angle). Note, that despite being superhydrophobic,
these surfaces can be designed for both adhesive and non-adhesive properties by tuning pitch
values and the density of micro- and nano-structures, respectively [89,90]. Using EISA on such
superhydrophobic surfaces in combination with the droplet templating method, several new types
of supraparticles of different structures and functionality have been produced. However, in order to
be easily isolable, the droplets must not penetrate the surface texture. Consequently, the size range
of supraparticles produced on such surfaces is limited to several μm [91] as a lower size limit and
may reach about mm size [92–97], while for still larger droplets gravitational effects become dominant
leading to their shape being no longer spherical.

In the following, we shall present recently developed methods for the creation of supraparticles of
various kinds of shapes and functionalities based on their preparation on superhydrophobic surfaces.

5.1. Shaping of Supraparticles

In the simple case, the shape of the droplet will directly determine that of the finally obtained
supraparticle, since the contained particles remain trapped within the provided geometry, i.e., one
simply templates the initial shape. Therefore, the confining geometry is retained. As this geometry on
superhydrophobic surfaces is to a first order spherical (except for gravitational effects), the resulting
supraparticles for the ordinary case are also of a similar shape. Hence, in order to alter the final
shape of the supraparticles, one has to change the droplet geometry. For the case of aqueous droplets
dispensed and floating on fluorinated oil and containing PS-latex microspheres, this was done by
using additional fluorinated surfactant. This led to the formation of dimpled, red blood cell-like or
even doughnut-shaped supraparticles at higher concentrations [25], which is caused by the change
of the interfacial tension between the liquids promoted by the surfactant. Lastly, a pronounced
deviation from spherical geometry also occurred when lowering the particle concentrations below
20%, and a continuous transition from a spherical to disc-like shape was observed [25].

Superhydrophobic surfaces, for the case of up to μL-volumes, also provide spherical droplets, with
some slight, but mostly not substantial bottom deformation due to gravitational effects. This can be
deduced from the high CA and low Eötvös or Bond number B0 (Equation (5)), which is a dimensionless
number describing the relative influence of gravity and surface tension on the shape of a liquid drop.
Here, Δρ represents the density difference between the droplet and its surroundings, g the gravitational
constant, r the droplet radius and γ the interfacial tension [98].

B0 =
Δρgr2

γ
(5)

Rastogi et al. used superhydrophobic surfaces to create supraparticles of a reduced symmetry,
“doughnut”-like shape, as shown in Figure 8 [92]. The morphological loss of symmetry corresponds to
the geometric alteration from spherical R3- to cylindrical D∞-symmetry. This interesting overall shape
is accompanied by light diffraction effects that are similar as for the spherical supraparticles arising
from the segregation of the different colloids contained in the supraparticle.
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It has been reported for aqueous polymer solution droplets that a thin shell of concentrated
polymer is formed at the water-air interface, due to internal transport flux. This flux is directed radially
outward and significantly influences the droplet’s shape upon evaporation due to increased surface
elasticity promoted by the concentration gradient [29,98–101]. If this accumulation is stronger at the
three-phase contact line (TPCL) than at the apex, self-pinning of the droplet occurs. This means that
the transversal shrinkage is suppressed, which in turn results in exclusive shrinkage along the droplet
height. Note that the origin of this self-pinning is notably different from the coffee-ring effect, where the
droplets are pinned due to the surface wetting properties [26,27]. The importance of the CA for the
shape of the formed dry supraparticles has been demonstrated by assembling silica microspheres of
300 nm via EISA on substrates with CAs ranging from 28◦–105◦. Depending on the CA, ring-like
structures, doughnut-like structures or hemispheres were formed [102]. Such hemispherical assemblies
could also be achieved by EISA on a substrate with a CA of 100◦ when employing monodisperse latex
particles with diameters varying in the range of 300–1100 nm. Here, a very high degree of ordering of
the latex particles was locally observed, which created pores of relatively high uniformity in theses
supraparticles [103].

 

Figure 8. Top: Illustration of the evaporation-induced formation of “doughnut” supraparticles; the inset
is showing an SEM of the particle lattice built by 330-nm diameter silica particles. Bottom: Optical
micrographs of the final supraparticle from top- (left) and side-view; scale bars are 500 μm. Adapted
with permission from [92] (p. 192). Copyright 2010 Wiley.

Large particles contained within the drying solution similarly undergo surface collection in
analogy to polymers [28,60]. In the case of the doughnut silica supraparticles, the colloidal particles
(330-nm diameter silica microspheres) get collected at the interface of the precursor droplets due to
the shrinking surface, which is propagating faster towards the interior than can be counterbalanced
by particle diffusion [92]. As the particles predominantly collect close to the TPCL, the droplets
deform in a fashion that yields dimpled supraparticles for volume fractions of silica lower than 15%.
However, when working at a silica volume fraction of 2.5%, the dimple evolved into a complete hole,
hence yielding doughnuts. This effect vanishes when using 1000-nm instead of 330-nm silica particles,
as in that case early sedimentation prohibited the doughnut-hole formation. Furthermore, the effect of
surface concentration and the way the drying process affects the internal structure of the drying droplet
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has been studied by means of microbeam small-angel x-ray scattering (SAXS) on a hanging droplet
of a colloidal suspension containing silica nanoparticles of ~10-nm diameter. These experiments
showed that isotropic assembly is still possible for Péclet numbers significantly higher than one and
an accumulation of silica at the droplet surface was only observed for high initial concentrations [104].
This observation is to be expected, as shell accumulation may only occur if the colloid movement by
diffusion is slower than the rate by which the droplet surface is receding due to evaporation.

The symmetry of the supraparticles can substantially reduced be further towards anisometric,
ellipsoidal shapes when fumed silica (FS) is used in aqueous colloidal suspension droplets instead of
compact spherical silica nanoparticles. In contrast to the latter, FS has a very open and fluffy fractal
structure of polydisperse particles with hydrodynamic radii of 100–200 nm and correspondingly large
specific surface areas that typically are in the range of 50–400 m2/g [105]. However, the formation of
anisometric supraparticles is only observed once a certain concentration of salt is present and the extent
of anisometry can be controlled by adjusting the ionic strength [93,96]. Typical examples for different
FS particle concentrations are illustrated for the case of no deformation in Figure 9a at 0.001 mM and
for the maximum anisometry in Figure 9b obtained at 25 mM ionic strength of the suspensions at the
start of the drying process.

 
Figure 9. Examples for anisometric supraparticles obtained from drying fumed silica (FS) suspensions
(from left to right 1.75%, 3.50%, 5.25% w/v) for an initial ionic strength of (a) 0.001 mM and (b) 25 mM
using NaCl; the last image on the right side shows a side-view perspective. The scale bars are 500 μm.
Adapted with permissions from [93,96] (pp. 587, 598). Copyright 2014 Wiley.

Similar to previous findings for doughnut-shaped supraparticles, particle accumulation at the
water-air interface occurs. This leads to a modification of the surface rigidity, which depends on the
ionic strength, resulting in a higher rigidity for higher ionic strength. This could also be verified using
time-resolved confocal laser scanning fluorescence microscopy. By labeling the FS and the water phase
with different fluorescent dyes, the density profiles of the FS perpendicular to the droplet surface,
i.e., in the radial direction, could be deduced throughout the drying process. Thereby, it was shown
that the FS particles accumulate at the droplet surface and that the deformation of the droplet takes
place once a certain effective thickness and density of this shell is reached [60]. In a somewhat related
study, the evaporation process of an aqueous lysozyme solution on a superhydrophobic PMMA surface
has been followed by microbeam SAXS. The evaporation process leads to hollow spherical residues,
and the SAXS experiments show the increasing concentration at the droplet surface which leads to the
precipitation of crystalline lysozyme nanoparticles towards the end of the drying process [106].

Coming back to the formation of the anisometric supraparticles, the main difference between
the spherical silica microspheres used before and the amorphous ones of FS is the capability of
intercalating and interconnecting during their aggregation, wherein this capability does not apply for
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spheres. In turn, FS can interact in a much more pronounced and cohesive way than silica spheres,
where this attractive interaction will become dominant for sufficiently strong electrostatic screening.
With increasing ionic strength and thereby lower Debye-screening length, the electrostatic repulsion
between the FS particles becomes reduced. As an effect thereof, the shell rigidity arising from the
intercalated FS particles at an ionic strength of above 0.5 mM increases such that the droplets can
no longer shrink, while at the same time retaining their spherical shape. Accordingly, they become
anisometrically deformed, just in the same fashion as a (spherical) football changes its shape when
becoming deflated. The deformation leads to a droplet elongation, whose direction varies statistically,
as it depends on the weakest spots of the as-formed shell. The resulting supraparticle anisometry,
i.e., the ratio of principal axes lengths, could be precisely tuned within the range of 0.5–25 mM of
ionic strength, and the observed anisometry is directly proportional to the logarithm of the ionic
strength and reaches values of up to 1.6 [93,96]. A closer look into the formation mechanism revealed
that the deformation occurs at a constant surface excess concentration of FS [95] and for an effective
shell-thickness of about 22 μm, which corresponds to an interfacial FS volume fraction of 0.17 [60].
It might be noted that shell formation during evaporation can be related to buckling of the drying
droplets. For instance, for μm-sized silica supraparticles obtained by spray-drying, the formation of
doughnuts and dimpled/grainy spheres of buckyball appearance has been attributed to such surface
instabilities. The buckling phenomenon could be arrested by the addition of PEO, which then allows
for shape control [107].

The major drawback of producing anisometric supraparticles on flat surfaces is their statistical
distribution of orientation after drying with respect to the surface placement. This renders it
impossible to position a patch in a controlled fashion, as for instance is possible by using additional
magneto-responsive ingredients within the precursor suspension droplets [92]. In a recent approach
the process of anisometric supraparticle formation using FS [93,95,96] was modified by manipulation of
the evaporation conditions using distinct surface geometries of the solid substrate [108]. More precisely,
similar superhydrophobic substrates as utilized in the original experiments were bent at different angles
into a V-shape. Monitoring the evolution of the droplet shape, a directed anisotropy perpendicular
to the surface’s bending axis was observed. This effect of orientation is caused by the evaporation
rate being higher at the free sides of the droplet compared to the blocked ones. This anisotropic
evaporation, indicated by the red arrows in Figure 10a, leads to more accumulation of FS particles,
which at ionic strengths above the threshold of 0.5 mM promotes the controlled droplet elongation
perpendicular to the bending axis. It might be noted that this directional orientation then is
reproducible with high precision, i.e., within a few degrees with respect to the bending axis of
the surface. With this well-predictable orientation of the supraparticles it is possible to position patches
of colloidal assemblies at will at any point(s) of the as-produced supraparticle (e.g., for magnetic
colloids by an external magnetic field, but also other external influences could be imagined). Thus,
this achievement constitutes a substantial advance for accessing increasingly more complex and
functional supraparticles.

Accordingly, besides a general improvement of the extent and reproducibility of the anisometry
values, by taking advantage of the predictable orientation of the final anisometric supraparticles, it is
possible to render them patchy in a sophisticated and defined manner. For instance, supraparticles
with distinct patch locations can be obtained by employing additional magnetic colloidal components
(Fe3O4) and positioning an external magnet parallel (Figure 10b) or perpendicular (Figure 10c) to
the bent channel. Such anisometric patchy supraparticles can be of potential use for designing
self-propelling systems or applications requiring orientation functionality.
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Figure 10. Controlled supraparticle orientation after drying: (a) anisotropic evaporation due to the
surface bending. This allows for the creation of patchy anisometric particles with defined location of
magnetic components (Fe3O4) by appropriately placing external magnets: (b) along the transversal or
(c) longitudinal diameter of the ellipsoid. In (b) and (c), the images on the right side present zoomed-in
excerpts; scale bars = 0.5 mm; other scale bars are 1 mm. Composed with permission from [108] (p. 5).
Copyright 2016 Wiley.

As already described in Section 2, Picknett and Bexon discussed the sessile droplet evaporation on
solid surfaces using Maxell’s approach [41,42]. This also explained the anisotropic evaporation of the
droplets on the V-shaped surfaces by introduction of an apparent CA, created by the upwardly-directed
surface legs. Comparing the values for both, the surface and apparent CA obtained by fitting the
CCA-model to the experimentally-obtained evaporation rate ratios (perpendicular vs. parallel to
the surface bending axis), yielded a good correlation with the measured CAs. This revealed that the
additional blockage by the upwardly-bent surface significantly reduces local evaporative vapor flux.
Hence, anisotropic particle accumulation is promoted, being more pronounced on the free droplet
faces, which in turn causes the controlled supraparticle elongation.

It might be worth noting that the formation of the anisometric FS supraparticles occurs in
a non-pinned state, i.e., CCA-mode. However, Zhou et al. discovered a method that applies controlled
pinning of the droplet contact-line using an ethanol-water mixture containing PS nanoparticles. This led
to anisometric receding of the TPCL, producing anisometric photonic crystals [109]. By successive
increase of the ethanol content, it was shown possible to create anisometric supraparticles within an
aspect ratio from 1.14 (2 vol % EtOH) to 1.28 (8 vol % EtOH), as shown in Figure 11 [109]. This is
an alternative approach to the FS supraparticle production, where droplet elongation occurs due
to shell deformation [93,96,108]. Moreover, in pure aqueous systems, the structure of the resulting
supraparticles could be tuned from microbeads to dimpled or microwelled shapes by varying the
colloid concentration.

Concluding, one may state that there exist different ways of symmetry breaking that lead to many
quite different shapes, which are of interest for various potential applications.
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Figure 11. Optical microscopy of anisometric photonic crystals (PC) obtained by using mixtures of
water and ethanol with varying compositions: (a) 2; (b) 4; (c) 6 and (d) 8 vol % of EtOH; scale bars are
800 μm. The systematic dependency of aspect ratios, i.e., anisometry values, is given in (e). Adapted
with permission from [109] (p. 22647). Copyright 2015 American Chemical Society.

5.2. Substructuring of Supraparticles

When using the droplet templating method on superhydrophobic surfaces, though the overall
geometry may be fixed, still internal structuring or porosity may be of potential interest. One well-known
structural type within this context is that of Janus or, more generally, patchy, hierarchical- or
surface-anisometric particles, respectively [110–113]. Accordingly, we want to address supraparticles
having different types of colloidal constituents that are inhomogeneously distributed throughout the
assembled supraparticles.

One straightforward way to achieve this kind of anisotropy in drying droplets is the utilization
of magnetic components and the application of an external magnetic field [92,94,108]. The principle
is shown in Figure 12, wherein besides the basic concept of forming single-patched supraparticles
(Figure 12a), altering the magnetic field setup also allows for more complex patchy assemblies, such as
presented by bi- and tri-patched supraparticles (Figure 12a,b).

 
Figure 12. Assembly of (multi-)patched supraparticles in drying sessile droplets on a superhydrophobic
surface: (a) single- (b) bi- and (c) tri-patched; scale bars are 500 μm. Altered with permission from [92]
(p. 193). Copyright 2010 Wiley.

111



Gels 2017, 3, 15

Similarly, this patch formation can also be combined with anisometrically shaped supraparticles,
as already described before and presented above in Figure 10b,c [108]. The combination of
anisometric shape and controlled placing of patches on such particles in turn leads to much more
complex supraparticles.

It is not necessarily required to use magnetic colloids with subsequent magnetic field guiding
to generate hierarchically anisotropic, i.e., patchy particles. Rastogi et al. showed that by combining
latex particles with diameters larger than ~300 nm (which collect on the droplet surface) with small
gold nanoparticles (~22 nm), supraparticles, which exhibit remarkable optical features, as shown in
Figure 13, can be obtained [97].

 

Figure 13. Optical microscopy images of patchy supraparticles assembled by EISA using variably-sized
polystyrene (PS) latex nano-/micro-particles in suspension droplets generating highly light diffracting
“opal balls”. The gold nanoparticles are 22 nm in size. Reprinted with permission from [97] (p. 4266).
Copyright 2008 Wiley.

The surface collection of the suspended particles was found to arise from a combination of
Marangoni flow, already discussed in Section 2, and the comparably small size of the gold nanoparticles.
Due to the droplet evaporation taking place mostly at the top (surface blockage at the bottom),
the temperature gradient promotes Marangoni flux transporting particles to the top. Using very low
concentrations of PS microspheres, Chang and Velev investigated this effect inside an aqueous droplet
floating in a fluorinated oil [33]. In these droplets, even though the particles were allowed to sediment,
they again collected at the droplet surface after restarting the evaporation (by removing the saturated
atmosphere). Thereby, the consequence of the Marangoni effect/flow was visualized. Accordingly,
if the concentrations are properly set and because the gold nanoparticles are small enough to travel
in-between the inter-particle separations of the bigger microspheres, the resulting supraparticles are
rendered patchy with the gold particles collected at the top, as shown in Figure 13 [97]. Of course,
by that method, it is also possible to cover a well-defined surface area of the final supraparticles.
This effect is independent of the supraparticle shape, as exemplified by the “glazed doughnuts”, already
presented in Figure 8 [92]. In summary, here, one faces a competition between sedimentation and
induced Marangoni flow to which the dispersed colloids respond in a fashion depending on their size
and density. This then leads to their segregation within the supraparticles and the observed internally
inhomogeneous structuring, which allows for the creation of interesting and versatile supraparticles.
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6. Applications of Supraparticles

As the preparation method leading to the final assembled supraparticles is not necessarily linked
to their potential field of application, we will now extend our original focus and refer to supraparticles
in a more general context. Nevertheless, for a start, we may first review some applications that emerged
for supraparticles of the kinds described so far.

One example of potential applications is the field of photonics. Photonic applications require the
precise control of optical properties of the materials, which can be achieved by proper nano-structuring.
Defined spacing of monodisperse particles in highly ordered lattices allows for the diffraction of
discrete wavelengths of the incident light leading to distinct coloring of the materials. Examples of
this effect of defined coloring due to microstructuring can also be found in nature. Namely, the wings
of Morpho peleides (butterfly) show an intense blue color without the presence of any dye [114].
Another example from nature is represented by the blue-purple fruits of an African tropical plant,
named Pollia condensata [115]. Practically, assembling monodisperse particles into supraparticles with
controlled inter-particle spacing allows for the fabrication of materials having tuned optical properties.

As a first example, Rastogi et al. used PS microsphere suspensions in drying droplets on
a superhydrophobic surface and varied the diameter of the PS particles between 320 and 1000 nm [97].
After drying, the resulting spherical “opal balls” show colored rings originating from diffracted
light from the curved supraparticle surface (Figure 14). This diffraction is described by Bragg’s law,
but rather than being caused by the colloidal crystal lattice within the bulk, it is more likely the result
of the parallel rows at the surface. Furthermore, it was shown (see above in Figure 13) that additional
gold nanoparticles of about 22 nm in size were not affecting the reflected colors, except for amplifying
their intensity. Their color patterns can be precisely controlled by inter-particle spacing, which in turn
is determined by the size of the microparticles. Of course, here, one may imagine even much more
complex optical systems that could be achieved by appropriately designing hierarchical structures and
using different colloidal components.

 

Figure 14. Optical microscopy images of patchy supraparticles assembled by EISA using differently-sized
polystyrene (PS) latex microparticles in suspension droplets, thereby generating these highly
light-diffracting “opal balls”. Reprinted with permission from [97] (p. 4266). Copyright 2008 Wiley.

Supraparticles showing optical effects can be employed to produce colored films or layers.
Such films containing buckled or spherical supraparticles show angle and strain independent
reflections due to the colloidal matrices provided by the supraparticles. This leads to observable
structural coloring [116]. Such films can be obtained from emulsion droplets using osmotic annealing
and defined salt-concentration to produce buckled or spherical supraparticles and entrapping them in
a silicon matrix. The resulting films are presented in Figure 15d–f.
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Here, the angle and strain independence is simulated by free-standing (Figure 15a), contracted
(Figure 15b) and stretched (Figure 15c) films. These films show similar structural coloring arising from
the supraparticles embedded into the silicon matrix, where buckled supraparticles showed even better
color quality than spherical ones.

 

Figure 15. Colloidal photonic crystals (supraparticles) embedded in an elastomeric matrix in: (a) free;
(b) contracted; (c) stretched state. Photographs of the resulting films are shown in (d–f) with
supraparticles made of differently-sized PS particles. The reflected color is independent of the observing
angle and strain on the films. The scale bars are 1 cm. Reprinted with permission from [116] (p. 1587).
Copyright 2015 Royal Society of Chemistry.

Switchable photonic materials may be of potential use for displays, indicators or similar devices.
As an example for such a device, Janus supraparticles having hemispheres of different reflectance with
one of them being magnetic were produced using microfluidics [117]. These supraparticles then can be
oriented with an external magnetic field (Figure 16a) showing different reflected intensity for different
light conditions (Figure 16b,c), i.e., forming a magnetically-switchable display.

 

Figure 16. Magnetic Janus supraparticles (a) switched using the different hemispheres at different light
intensities: upwards directed (b) PS hemisphere at low light intensity or (c) Fe3O4-TMPTA hemisphere
under strong light intensity; scale bars are 500 μm. Adapted with permission from [117] (p. 9435).
Copyright 2014 Royal Society of Chemistry.

Similarly, also thermo-sensitive Janus supraparticles can be used in order to fabricate color
changing displays [118].

Another interesting application of supraparticles is the development of bio-assays for antigen
detection, which take advantage of the optical appearance of the supraparticles after drying depending
on the exposure to the antigen and its concentration. Rastogi and Velev prepared an on-chip setup
by drying droplets floating in fluorinated oil and containing PS microspheres and gold nanoparticles
that were additionally functionalized with anti-rabbit IgG antibodies. Via the optical appearance after
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incubation, this system was able to serve as a sophisticated micro-bioassay for antigen detection [119].
This is a consequence of the antibody-antigen interaction, which is highly effective in terms of
strength and specificity, thereby in turn controlling the particle interaction inside the dry droplets and
consequently the resulting optical appearance. In other words, due to the antibody-functionalized gold
and PS-latex particles, the patch formation is highly influenced by the presence of the corresponding
antigen due to agglutination of the gold nanoparticles within the suspension. This effect also allowed
for quantitative interpretation by optical comparison, shown in Figure 17 [119].

 

Figure 17. Resulting droplets for a 30-min incubation time and containing anti-rabbit IgG antibody
functionalized gold nanoparticles at different concentrations of antigen (rabbit IgG); left to right: 0, 1.0,
10.0, 100.0 μg/mL. Reprinted with permission from [119] (p. 6). Copyright 2007 AIP Publishing.

Not only for diagnostic, but also for therapeutic purposes, supraparticles can serve as drug
delivery systems [120–122]. This can be achieved by incorporating drugs meant to be released over
an extended period of time. It has been shown by Rastogi et al. that supraparticles are permeable
for solutes and able to continuously release contained solutes in a very controllable way [87]. Thus,
taking advantage of analogous mesoporous structures made of silica and gelatin hybrids, it was shown
that brain-derived neurotrophic factor (BDNF), a protein growth factor, and dexamethasone (DEX),
a steroidal anti-inflammatory drug, could be easily loaded into the supraparticles and continuously
be released over several days [120]. Using this concept, BDNF-loaded supraparticles were implanted
into the inner ears of guinea pigs previously deafened by frusemide and kanamycin medication
(damaging ion gradients between the auditory neuron network). The release of BDNF thereby
showed significant rescuing of primary auditory neurons, potentially preserving residual hearing [121].
In another experiment, Park et al. immobilized a cysteine protease to porous calcium phosphate
supraparticles [122]. This protease-supraparticle hybrid, in vitro allowed for systematic inactivation
of the cytokine tumor necrosis factor-alpha (TNF-α), which is responsible for inflammatory effects
potentially causing autoimmune diseases.

A quite different functionality of supraparticles is their potential ability to move. Self-propelling
particles convert chemical energy into active, autonomous motion and have been developed and
built in many different ways [123,124]. Able to perform complex tasks, such artificial vehicles have
promising potential for applications in environmental treatment, like water remediation [125,126] or
can serve as smart drug-delivery systems [127]. Yet, an interesting approach extending the field towards
the millimeter scale has been taken using supraparticles prepared by EISA on a superhydrophobic
surface [94]. These supraparticles were rendered patchy using Fe3O4 core nanoparticles decorated with
Pt and a magnetic field during the synthesis. After additional surface hydrophobization and when
placed in a H2O2 solution, these supraparticles generated adhering oxygen bubbles (for sufficient
adhesion, the hydrophobization is essential), which increased the buoyancy. Once the buoyancy is high
enough (typically one larger oxygen bubble is attached to the supraparticle), the whole supraparticle
is lifted to the liquid’s surface. There, it loses its oxygen bubble and drops down to the bottom of the
liquid again, where the formation of a new bubble starts. The whole process then is repeated, and the
supraparticle performs an oscillating, regular vertical motion, thus resembling “elevators”, and this
motion can continue for days. In addition, via the contained magnetic nanoparticles, the trajectory of
the supraparticle can be steered by the application of an external magnetic field, which is illustrated in
Figure 18.
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Figure 18. Oscillating elevator supraparticle in a wt % aqueous H2O2 solution. Starting at the top left,
the elevator releases the oxygen bubble and falls down to the left bottom. After producing an oxygen
bubble, it gets attracted by the bottom right magnet, following this attraction to the right during the
way up. Having reached the surface meniscus, the left magnet pulls the elevator supraparticle back to
its starting position, restarting the movement cycle; the scale bar is 1 cm. Reprinted with permission
from [94] (p. 6). Copyright 2016 Wiley.

Functionalizing the elevator supraparticle surface with the enzyme α-amylase, the catalytic
decomposition of starch could be performed as a model reaction, showing potential applications of
these elevator supraparticles in chemical catalysis [94]. Accordingly, this example proves the concept
of self-propelled particles, whose movement can be steered by an external magnetic field and which
are able to perform a chemical task (reaction) on their trajectory. Of course, the use of H2O2 limits the
potential for applications substantially, but it might be noted that it is also possible to use more benign,
non-toxic fuels, such as alcohols, for particle propulsion [128].

Finally, supraparticles are also interesting for the general field of catalysis, as they constitute
rather versatile and small reaction containers. As an example in the field of catalysis, zinc sulfide
supraparticles were developed for chemical dechlorination of 2,2′,4,4′,5,5′-hexachlorobiphenyl,
an organic pollutant occurring in soils or groundwater [129]. Using UV irradiation, these supraparticles
reductively degraded the model pollutant up to about 70% after 12 h in a solution of isooctane.
Even more complicated, Xu et al. showed that Pt nanoparticles bound to a porous organo-polymer
shell synthesized via soap-free emulsion polymerization onto Fe3O4 supraparticles can perform
catalytic enantioselective hydrogenation of ethyl pyruvate [130].

Of course, this short section is far from complete with respect to the applications that have been
explored for supraparticles, simply due to the fact that this is an ample field of research that allows for
a vast number of options via appropriate structural and functional design by using various kinds of
colloidal components that can be readily applied. Thus, many interesting developments have already
been achieved and many more are to be expected in the near future to emerge from this field.

7. Conclusions

Supraparticles can be rich in terms of their size, shape and internal structure, and their properties
can be varied largely via the choice of their colloidal constituents. In our review, we focused deliberately
on supraparticles in the size range of hundreds of μm or even mm. Of course, colloidal assembly is
not limited to this size range, and a much work has also been done on the assembly of nanoparticles,
including their structured assemblies at surfaces [6,131–134]. However, in this review, we explicitly
refrained from covering such investigations.

For the fabrication of supraparticles, a large number of methodologies has been developed,
where in particular evaporation-induced self-assembly (EISA) on superhydrophobic surfaces has

116



Gels 2017, 3, 15

distinct advantages, which therefore was also the focus within this review. First, it is rather simple
to collect the pure supraparticles subsequent to their synthesis since no other solvent has to be
removed. Secondly, it has been shown that via EISA, one can achieve anisometric supraparticles
whose orientation can be controlled by appropriately structuring the superhydrophobic substrate.
This consequently allows preparing anisometric patchy supraparticles where the location of the patches
can be precisely controlled (for instance for patches containing magnetic nanoparticles by an external
magnet). It might be noted that this approach is not limited to the use of aqueous colloidal dispersions.
Instead, the utilization of superamphiphobic surfaces also allows for its extension to a large range of
organic solvents.

By combining the shape control of the supraparticles with a detailed control over the internal,
e.g., hierarchical, structure by careful choice of the colloidal components, increasingly more complex
systems with tailored functionality are available, which are interesting for a multitude of applications.
These functionalities include optical properties that can be interesting for photonic applications
and electric or catalytic properties that can be achieved by incorporating appropriately active
(nano-)particles. Another functional feature is self-propulsion, which for instance can be achieved
by incorporating nanoparticles and/or enzymes able to induce chemical reactions that lead to
a momentum on the supraparticle. The movement then can be of a vertical and/or horizontal
direction and also magnetically steered. One may also combine such a movement with other functional
properties additionally incorporated in these supraparticles, such as catalytic activity for performing
chemical reactions, thus providing “chemical microrobots”. These “multi-tasking” supraparticles can
be expected to become substantially further developed, and one may envision almost an unlimited
potential via the combined functionalities that can be imparted.

In summary, there are rather simple ways to produce supraparticles, and by appropriate design,
it is possible to integrate different functionalities into them, which can be independently combined and
addressed. Accordingly, they represent smart systems, able to exhibit many interesting properties and
being useful for several applications, like optical, electronic, chemical, mechanical ones, etc. However,
the state of the art in this area certainly is still in its infancy, and one may expect many interesting
developments leading to increased complexity in the structure and function of future materials.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BNDF brain-derived neurotrophic factor
CA contact angle
CCA constant contact angle
CCR constant contact radius
cmc critical micelle concentration
CVD chemical vapor deposition
DEX dexamethasone
ECD electrochemical deposition
EISA evaporation-induced self-assembly
FS fumed silica
PEO polyethylene oxide
PMMA poly methyl methacrylate
PS polystyrene
SEM scanning electron microscopy
TMPTA trimethylolpropane triacrylate
TNF-α tumor necrosis factor-alpha
TPCL three-phase contact line
UV ultra-violet
WCA water contact angle
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Abstract: Monolayers of colloidal particles trapped at an interface between two immiscible fluids
play a pivotal role in many applications and act as essential models in fundamental studies. One of
the main advantages of these systems is that non-close packed monolayers with tunable inter-particle
spacing can be formed, as required, for instance, in surface patterning and sensing applications.
At the same time, the immobilization of particles locked into desired structures to be transferred
to solid substrates remains challenging. Here, we describe three different strategies to immobilize
monolayers of polystyrene microparticles at water–decane interfaces. The first route is based on
the leaking of polystyrene oligomers from the particles themselves, which leads to the formation of
a rigid interfacial film. The other two rely on in situ interfacial polymerization routes that embed
the particles into a polymer membrane. By tracking the motion of the colloids at the interface, we
can follow in real-time the formation of the polymer membranes and we interestingly find that the
onset of the polymerization reaction is accompanied by an increase in particle mobility determined
by Marangoni flows at the interface. These results pave the way for future developments in the
realization of thin tailored composite polymer-particle membranes.

Keywords: colloids; fluid interfaces; immobilization

1. Introduction

Monolayers of colloidal particles are widely used both as model systems [1–3] as well as
in a large range of applications, spanning from the fabrication of lithography masks [4,5]
and anti-reflective coatings [6] to emulsion stabilizers [7] and patterning elements for ultra-thin
polymeric membranes [8]. Standard protocols to prepare monolayers of colloidal particles adsorbed
onto a solid substrate involve direct adsorption from solution (including sedimentation [3] and
electrostatic adsorption [9,10]), spin-coating [11], controlled drying [12], convective assembly [13] and
electric-field-assisted deposition [14,15]. In all of these cases, dense particle monolayers are produced,
mostly with particles sharing contacts in closely packed arrays. Applications, e.g., in biosensing [16]
and patterning [5,17,18], and fundamental studies, e.g., in tailoring surface adhesion [19] and
friction [20] by particle adsorption, often also require non-close-packed monolayers with control
on both the particle size and the spacing between them. This can be achieved by first depositing a
close-packed monolayer and then by reducing the particle size by reactive etching [21], or alternatively
by depositing the particles onto stretchable elastomers [22]. Albeit successful and easy to implement,
these methods present some limitations. The former process does not afford independent control on
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size and spacing, i.e., the two are linked by the initial particle diameter. Moreover, sizes can only be
reduced up to a given point before the particles lose their shape integrity. The latter strategy involves
high-temperature steps, which restrict its applicability to inorganic particles. Another alternative
exploits the self-assembly of colloids at fluid–fluid interfaces [4,23]. In this case, monolayers of
particles are first formed at the interface between two fluids, i.e., oil-water or air-water, and are then
deposited onto a solid substrate. The presence of long-range electrostatic forces between particles
of suitable surface charge and wettability enables the possibility to obtain regular, non-close-packed
2D lattices [24,25]. These forces are dipolar in origin and can either be generated by charges on the
particle–water surface or on the particle–nonpolar fluid (air or oil) surface, depending on the materials
of interest. In particular, in the case of dominant charges on the particle-nonpolar fluid surface, it
has been shown that adsorption of ions from air in atmospheric conditions, or migration of ions
from the water side, can greatly reduce the effective surface charge density and thus lead to weaker
repulsion [26,27]. These contributions are less important in the case of highly water-insoluble oils,
such as purified alkanes, which tend to maintain higher unscreened surface charges leading to stronger
electrostatic repulsion. For the purpose of structural tailoring, spacings up to ten particle diameters
can be achieved and smoothly tuned by controlling the number of particles per unit area injected at
the interface [4] or by monolayer compression [26,28]. The most complicated part of the process is
the transfer of the particles from the interface to the substrate without destroying the monolayer’s
integrity. Different approaches have been devised, either using solvent exchange [23] or by choosing
oil phases with suitable viscosities and volatilities [4]. The process remains nevertheless challenging
due to limited adhesion between the particles and the substrate. Additional routes have been pursued
by using soft deformable particles that show an increased area of contact and thus higher adhesion
with the template, but, in this case, the range of available inter-particle spacing is limited and it is
dictated by the range of soft steric interactions at the interface [29].

In this paper, we describe three different approaches that can be used to immobilize particle
monolayers directly at a fluid–fluid interface before deposition, which could therefore be used in the
future to circumvent the issues described above. The paper is organized as follows. We initially present
a first route, where immobile monolayers of polystyrene (PS) particles are created spontaneously
at a water–decane interface without the addition of any external ingredient. The kinetics of the
immobilization process is followed by in situ microscopy and particle tracking. We then move to
another approach, where two different interfacial polymerization routes are followed to immobilize
the particles at the water–decane interface into thin polymer membranes. The presentation and
discussion of the experimental results is followed by conclusions and a perspective for future work.
An experimental section detailing the materials and methods used in our work closes the manuscript.

2. Results and Discussion

Figure 1 illustrates schematically the three different approaches that we have investigated to study
PS particle monolayer immobilization at the water–decane interface. Results and discussion follow for
each route.

2.1. Spontaneous Immobilization

Experiments aimed at studying particle dynamics within a monolayer at a water–decane interface
revealed that particle mobility was a strong function of the residence time of the particles at the
interface. Systematic investigations showed that, given a sufficient amount of time, the particles
became completely immobilized without distorting the interface microstructure. The experiments
were carried out as follows (additional details in the Experimental Section). A given number of
fluorescent polystyrene particles of either 2.8 or 1.08 μm diameter was injected using a micropipette
at a macroscopically flat oil-water interface created in a customized sample cell. A solution of 50:50
ultra-pure water and isopropanol was used to aid the spreading of the particles at the interface [30].
The latter was obtained by filling a metallic ring to its rim with water and carefully covering it with
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decane, after which the sample cell was sealed at the top with a glass slide. The cell was then placed
under a microscope, where videos of the particles at the interface were captured by fluorescence
microscopy as a function of waiting/residence time at the interface. The videos were successively
processed to extract particle trajectories and to compute the particle mean squared displacements
(MSD) as a function of time. The MSD is a standard quantity to describe the modality of the motion of
colloidal particles driven by thermal fluctuations. In the case of freely diffusing particles, the MSD
plotted as a function of time shows a slope of 1 in a log-log plot. Slopes below 1 indicate sub-diffusive
behavior characteristic of crowded or super-cooled systems, and flat lines indicate complete local
caging of the particles that cannot move beyond a specific distance, as in the case of completely
immobilized particles.

Figure 1. Schematics of the three different immobilization routes. (a) spontaneous immobilization at a
water–decane interface. Particles within the monolayer simply become immobile with time; (b) nylon
interfacial polymerization. After the spontaneous interfacial adsorption of 1,6-diaminohexane from
the water phase, sebacoyl dichloride is injected into the organic phase to start the polymerization;
(c) polystyrene interfacial polymerization. After the spontaneous interfacial adsorption of the monomer
(styrene) and crosslinker (p-divinylbenzene) from the oil phase and of the initiator (Irgacure 2959) from
the water phase, the system is illuminated by UV light to initiate the free radical polymerization of
styrene at the interface.

Figures 2 and 3 show the MSDs of the 2.8 and 1.08 μm diameter particles, respectively, for different
residence times tw at the interface, where tw = 0 corresponds to the time at which the particles were
injected at the interface. The data are accompanied by a series of representative microscopy images
showing the interface microstructure at the various waiting times. Starting from the data in Figure 2,
we describe the mobility and the arrangement of the PS particles at the interface. The first observation
to be made is that the particles self-assembled into non-close-packed crystals due to electrostatic
repulsion. The corresponding MSD at short waiting times displayed the expected behavior. At short
times, the MSD increased sub-linearly with time, indicating sub-diffusive motion of the particles
interacting with their neighbors. After a few seconds, the MSDs plateaued and became flat, indicating
that the particles became completely caged by their neighbors. This situation corresponds to particles
rattling around their lattice positions. Remarkably, the rattling happened over distances much smaller
than the typical particle size or inter-particle distance, indicating strong local trapping. After a waiting
time of approximately 16 h, the situation was radically different. Here, the local rattling of the particles
in the lattice had completely disappeared and the MSD was flat at all times. The value of the MSD
corresponded to displacements of the order of one tenth of the particle diameter, which basically
constitutes the resolution limit of the particle tracking. We can then conclude that, after a few hours, the
particles stopped moving completely and a fully immobile monolayer was formed. Very interestingly,
no appreciable changes in the interface microstructure were found. The particle monolayer maintained
its non-close-packed crystalline structure, as can be seen by the micrographs. Analogous results are
seen in Figure 3 for the smaller PS particles.
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Figure 2. Mean squared displacements (MSD) versus time for 2.8 μm polystyrene (PS) particles at
the water–decane interface as a function of residence time at the interface tw. A solid line with slope
1 representative of freely diffusive motion is included for comparison. The micrographs show the
interface microstructure at various waiting times. The scale bar is 10 μm.

Figure 3. MSD versus time for 1.08 μm PS particles at the water–decane interface as a function of
residence time at the interface tw. A solid line with slope one representative of freely diffusive motion
is included for comparison. The micrographs show the interface microstructure at various waiting
times. The scale bar is 10 μm.
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The complete immobilization of the particles suggests that a strong elastic film was formed at the
interface as a function of the particle residence time. This result was initially surprising, given that no
other component was added to the system during the experiments. We therefore proceeded to unravel
the reason for the formation of this very stiff membrane. After testing that this was not due to the
presence of surface-active contaminations coming from the sample cells or the liquids used, the only
conclusion left was that the particles themselves were responsible for their immobilization. This was
presumably due to the appearance of surface-active impurities leaking from the particles into decane
and then adsorbing at the interface, as we later confirmed by the following experiment. After drying
0.1 mL of the PS particles aqueous stock suspension at 40 ◦C overnight in a vacuum oven in an
Eppendorf tube, they were subsequently redispersed in 1.5 mL of purified decane, sonicated for at least
10 min and allowed to sediment overnight. We then took the supernatant and measured its interfacial
tension against ultra-pure water. We measured a strong reduction of the interfacial tension from the
pure water–decane value of 53 mN/m down to 32 mN/m (1.08 μm) and 40 mN/m (2.8 μm) after 3 h
(significantly less than the timescales for interfacial arrest reported in Figures 2 and 3), which confirmed
the leaking of surface-active species from the PS particles into decane. We then proceeded to identify
these surface-active species by running UV-Vis spectroscopy on the same supernatants. The results are
shown in Figure 4. The spectra for the supernatants of the 1.08 and 2.8 μm particles (red and green
curves) showed distinctive bands in two regions. A first very intense band in the 250 nm range and
a second less intense band in the 400–550 nm region. In order to identify and confirm the origin of
these bands, we also ran UV-Vis spectroscopy on decane solutions of the same dye molecules used to
render our PS particles fluorescent and on decane solutions of PS oligomers having two molecular
weights, 300 and 2200 Da respectively. The first band for the particle supernatants was compatible
with the peak of the PS oligomers, as shown by comparing the green and red curves in Figure 4 with
the blue and purple ones obtained for the pure polystyrene oligomers. The fact that the peak position
of the green and red curves was identical and lay in between the ones for PS300 and PS2200 indicates
that oligomers of comparable molecular weight, between 300 and 2200 Da, were released into decane
from both particles. These were most likely un-reacted and non-crosslinked PS chains left behind
after particle synthesis. By comparing the peaks in the longer-wavelength region, we confirmed that
dye molecules were also leaking out into decane. Identical spectral features were in fact found in the
supernatant and in the pure dye solutions, as evidenced in the inset to Figure 4. In order to assess
which one of the two substances leaking from the particles was responsible for the creation of the
strong elastic film at the interface, we measured the surface tension reduction of a pure PS solution
and of the dye solutions at the water–decane interface and compared it to the one measured for the
particle supernatants. Pendant drop tensiometry showed that, albeit surface-active, the dye molecules
showed a saturation of the water–decane interfacial tension reduction at a few mN/m below the pure
water–decane level over several hours, and therefore cannot be responsible for the stronger interfacial
tension reduction measured for the supernatants. Measurements on a PS300 solution (and we expect
similar results for PS2200) instead showed a dramatic reduction of interfacial tension, which saturated
at 20 mN/m for high PS concentrations already after a few minutes. We can therefore conclude with
certainty that the formation of the strong interfacial film immobilizing the particles at the interface was
due to interfacial adsorption of non-crosslinked PS oligomers leaking from the particles when exposed
to decane.

2.2. Nylon Interfacial Polycondensation

The results presented in the previous section showed that it was possible to immobilize particles
into stable regular lattices at the water–decane interface by solely waiting for a sufficient amount of
time for the PS oligomers to build up an elastic monolayer. This approach, spontaneously occurring
for our PS beads trapped at a water–decane interface, is very simple but time-consuming and only
applicable to systems releasing surface-active species capable of creating highly elastic films. Despite
being ”frozen” in place, the particles are only surrounded by a very thin polymer layer, whose
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composition and thickness cannot be externally controlled. This section and the next one describe two
different possible routes to embed these regular particle arrangements into thicker and more controlled
polymeric membranes.
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Figure 4. UV-Vis spectra of supernatants after overnight exposure to decane for the 2.8 (green solid
line) and 1.08 μm (red solid line) diameter PS particles. The spectra are combined with the UV-Vis
spectra of reference decane solutions of pure PS (molecular weight 300 Da (blue crosses) and 2200 Da
(purple triangles)) and of the red (Macrolex RedG (red squares)) and green (Pyrromethene (green

diamonds)) dyes, zoomed in the inset for the relevant wavelength region.

The first route, schematically shown in Figure 1b, is based on the interfacial polycondensation
reaction commonly known as the ”nylon rope trick”. In this case, one monomer, sebacoyldichloride,
reacts with a second one, 1.6-diaminohexane, under the elimination of hydrogen chloride [31]. This
reaction is particularly suited for our purpose since the two monomers can be dissolved into immiscible
solvents, e.g., water and decane, and the reaction takes place only at the interface between these two
fluids, where the monomers meet. In the presence of particles at the interface, these are entrapped by
the nylon membrane as it grows.

We carried out these experiments by using a customized sample cell, as schematically depicted
in the inset to Figure 5a. The cell consisted of a metallic ring with a sharpened edge, used to contain
the water phase and pin the liquid interface, glued onto a microscope slide and enclosed by a cut-out
centrifuge tube, whose cap was also glued onto the slide. The metallic ring was filled with a 6 mM
water solution of 1.6-diaminohexane to achieve a flat water–air interface and then carefully covered by
0.5 mL of pure decane to create the water-oil interface. At these concentrations, the 1.6-diaminohexane
rapidly formed an interfacial layer, as monitored separately by pendant drop tensiometry. A pipette tip,
filled with the particles dispersed in the spreading solution previously described, was then brought in
contact with the interface to produce a particle monolayer surrounded by 1.6-diaminohexane. At this
stage, 100 μL of a 34 mM sebacoyldichloride solution in decane were added to the oil phase and the
dynamics of the particles at the interface was monitored as discussed above. Alternatively, a round
piece of filter paper (MN 615, prewetted by decane) could be mounted above the interface and blocked
by the screw-on cap of the centrifuge tube and additional oil (1–4 mL) could be inserted. The filter paper
acted as a physical barrier to avoid flow at the interface caused by the injection of the additional decane
containing the sebacoyldichloride. After a given amount of time, the second monomer reached the
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interface and the polymerization reaction started. The evolution of particle mobility was monitored as a
function of time after the injection of the second monomer tw and it is shown in Figure 5a by plotting the
MSD of the 2.8 μm PS particles at ten seconds (MSD10) vs. tw. The black square symbols refer to the case
with no filter paper and the red circles to the case with filter paper. In both cases, the same qualitative
behavior was observed. After an initial time where the MSD remained fairly constant, a sudden very
large increase of particle mobility was seen (as highlighted by the arrows). Visual inspection showed
that this corresponded to very violent convective flows at the interface, which then stopped fairly
rapidly. After that, the particles became completely immobilized, with values of the MSD comparable
to the ones reported in Figure 2. The strong convective flows were not due to mechanical disturbance
of the interface upon injecting the second monomer, since they occurred after minutes and they also
appeared in the presence of the filter paper. They were instead due to Marangoni stresses caused by
gradients of surface tension at the interface when it was reached by the second monomer. In fact,
due to diffusion, different amounts of sebacoyldichloride reached the interface in different places
and at different times, causing local gradients of concentration and therefore of interfacial tension
leading in turn to Marangoni flows [32]. The flows eventually stopped, when the polymerization
reaction had formed a sufficiently stiff membrane at the interface. This phenomenon was unavoidable.
Changing both the porosity of the filter paper, as well as the concentration and amount of injected
sebacoyldichloride, did not lead to any qualitative change and the only differences were in the waiting
time before the onset of the flow. Very interestingly, the occurrence of the Marangoni flows and the
polymerization did not disrupt significantly the microstructure of the interface. Figure 5b–e show
fluorescence micrographs of the interface before and after polymerization, with and without the filter
paper, for two monolayer densities. No qualitative differences were visible.

Figure 5. (a) MSD calculated after 10 seconds for 2.8 μm PS particles at a water–decane interface
during the interfacial polymerization of nylon plotted as a function of waiting time after injection of
sebacoyldichloride, with (red) and without (black) filter paper. The arrows mark the points of highest
particle mobility due to convective Marangoni flows at the interface. Inset: schematic of the sample cell
used for the measurements. The horizontal dashed line represents the interface and the red line depicts
the filter paper membrane; (b–e) fluorescence images of the particles at the interface before (b and d)
and after polymerization (c and e), showing no qualitative difference in the microstructure. Images
(b) and (c) are taken without the filter paper membrane; (d) and (e) with the filter paper membrane.
The scale bars are 50 μm.

This led us to believe that this route yielded a very fast and efficient immobilization mechanism
of particle monolayers into polymeric membranes, but additional inspection of the nylon membranes
by bright-field microscopy, as reported in Figure 6, showed instead that the completion of the
polymerization reaction required significantly longer times. Visible droplets were in fact formed
onto the membrane a few minutes after particle immobilization and disappeared over the course of
several hours. These were most likely sebacoyldichloride pockets that accumulated on the initially
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formed membrane and that were then slowly consumed by the diaminohexane diffusing through the
continuously growing membrane.

Figure 6. Sequence of bright field microscopy images of the nylon membrane forming at the
water–decane interface taken 30 (a); 120 (b); 180 (c) and 240 (d) minutes after sebacoyldichloride
injection. Scale bars are 50 μm.

2.3. UV Interfacial Polymerization of Styrene

Despite its simplicity, the interfacial polymerization of nylon presents some limitations in terms
of the control over the final properties of the membrane since the reaction basically proceeds until all
the monomers are consumed. We therefore explored a second route where the polymerization reaction
can be externally triggered by UV illumination. The reaction scheme we used is depicted schematically
in Figure 1c and it is based on the free radical polymerization of styrene. Radical polymerization
reactions belong to the family of chain-growth polymerizations and require an initiator to get started.
The polymerization continues as long as the active chain end is not terminated by recombination with
an other radical or when all the monomer is consumed [33]. The initiation can be triggered by external
stimuli, such as UV light as in our case [33]. In order to improve the mechanical stability of the forming
polymer film, we also added p-divinylbenzene as crosslinker. The different polarities of all the species
make these reactions very suitable to be carried out at fluid–fluid interfaces, where the initiator and
monomer can be dispersed into immiscible fluids and meet only at the interface, such as in the case of
emulsions [34,35].

In the specific case of our experiments, we had a water-soluble initiator (Irgacure 2959) and
decane-soluble monomer and crosslinker (styrene and p-divinylbenzene). While details of the
preparation of the two solutions will be given in the Experimental Section, we report here the essential
steps for the particle immobilization experiments. We used a slightly modified version of the sample
cell used for the nylon polymerization as sketched in the top inset to Figure 7a. Here, a thicker metal
ring was used to form the interface between 112 μL of a 4.46 mM water solution of the initiator
and 2 mL of decane containing 1.56 mM of styrene and 0.14 mM of p-divinylbenzene. The particles
were injected at the interface as previously described. After particle injection, the top part of the
cell was completely filled with the decane solution and the cell was carefully sealed with a glass
slide. Observation of the particles at the interface was carried out with a custom-built microscope as
shown in Figure 8, which allowed simultaneous imaging in reflection and sample illumination with
a UV LED lamp emitting at 365 nm. Pendant drop tensiometry investigations showed that, at these
concentrations, the water–decane interface was readily covered by a stable layer containing monomer,
crosslinker and initiator, which are all surface-active species. After equilibration, the UV lamp was
turned on and particle mobility was followed by tracking.

Figure 7a shows the evolution of MSD at ten seconds for 2.8 μm PS particles as a function of time
after illumination start-up. Representative MSD curves are shown in Figure 7b for various values of tw.
From these graphs, we can make similar observations as in the case of the nylon polymerization. We
observe that, before illumination, the particles showed the standard expected behavior for particles
in the interfacial crystals, as reported earlier in Figure 2. When the photopolymerization began,
we observed a significant increase of the particle mobility, again due to the presence of concentration
gradients of the reacted species at the interface. Upon continuing UV illumination, the polymerization
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was completed and the particles were fully immobilized in a polystyrene membarne. We point out
that membranes could also be formed in the absence of particles, confirming that their presence does
not affect the polymerization reaction significantly.

Despite the fact that all the components necessary for the polymerization were already
at the interface before the reaction started, as opposed to the nylon polymerization, the UV
photopolymerization disrupted entirely the crystalline arrangement of the particles at the interface,
as can be seen in the fluorescence micrographs of Figure 7c–e. This was probably due to the fact
that, as the polystyrene membrane grew at the interface, it pushed the particles around in a random
fashion, distorting completely the pre-existing arrangement of the particles. Partial swelling in styrene,
albeit not detectable by optical microscopy, could also be partly responsible for altering the electrostatic
interactions between particles during membrane formation. Similar results were observed when using
the 1.08 μm PS particles.

Finally, we attempted the deposition of the photo-polymerized composite membrane onto a solid
support to investigate its structural and mechanical properties. The bottom inset to Figure 7a shows a
flake of such a membrane deposited on a pitted silicon wafer with 5 × 5 μm2 holes. The membrane
was scooped up from the interface onto the substrate. Unfortunately, the deposited membrane was
still too fragile to perform atomic-force microscopy (AFM) investigations and tended to rupture over
the cavities on the silicon wafer.

Figure 7. (a) MSD calculated after 10 s for 2.8 μm PS particles at a water–decane interface during
the interfacial photopolymerization of polystyrene as a function of time after starting the UV
illumination tw. Top inset: schematics of the sample cell. Bottom inset: micrograph of a composite PS
particle-polystyrene membrane deposited onto a pitted silicon wafer with 5 × 5 μm2 cavities; (b) MSD
versus time for different representative times during the photopolymerization; (c–f) fluorescence
images of the 2.8 μm PS particles at the interface before UV illumination (c) and after 50 s (d), 40 (e) and
90 (f) minutes. Scale bar: 25 μm.
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Figure 8. Image and description of the custom microscopy setup.

3. Conclusions

Our experimental results show that there are several open routes for the immobilization of
colloidal particles at fluid interfaces. The first option involves the formation of thin elastic films
generated by surface-active substances leaking from the particles themselves. Previous work [36]
has shown that exposure to organic solvents (and relatively high temperatures) causes plasticization
of polystyrene particles, which can even be strongly deformed as a consequence of adsorption at
an oil–water interface. Additional work has also shown that the presence of soluble impurities can
very strongly affect the wetting behavior of PS ellipsoids at water–decane interfaces, which had to be
subjected to rather harsh cleaning conditions in order to eliminate any undesired contamination [37].
Our work instead showed that this process can be used to our advantage to create very stable crystalline
arrays of colloids at the interface. The other two approaches that we investigated went one step further
and immobilized the particle monolayer within a polymer membrane.

Immobilizing particle monolayers at an interface has proved to be a very successful way to
measure a posteriori the contact angle of particles at the interface. A wide range of strategies have
been proposed to this end [38], including freezing [39] or gelling the water phase [40], growing
metallic caps [41] or swelling the particles [42]. A recent method also involved the growth of a thin
cyanoacrylate glue layer at the water–air interface, embedding particles that could be later imaged in
an scanning electron microscope (SEM) [43]. Our strategies could provide an extension to the latter
technique to oil–water interfaces, even though additional studies elucidating the role of membrane
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growth on the particle position relative to the interface (e.g., by comparison with the methods above)
would be required.

On the other hand, composite particle membranes obtained from interfacial assembly have been
previously demonstrated [44,45], and we proposed here two conceptually very simple alternative
approaches. Interestingly, both approaches showed that the onset of the polymerization reactions
coincided with a a strong increase of particle mobility at the interface caused by Marangoni flows.
The interplay between polymerization kinetics and the evolution of the microstructure of the interfacial
composite membrane becomes then a very interesting direction for future research, where new
strategies to reduce or harness Marangoni flows need to be proposed. The next steps to be carried
out after this work are to devise suitable strategies to transfer the interfacial membranes onto solid
supports to investigate their structure, e.g., thickness or roughness, and mechanical properties as a
function of polymerization conditions in a systematic way.

4. Experimental Section

4.1. Materials

The particles used in the experiments were polystyrene colloids purchased from
microParticles GmbH (Berlin, Germany). We used 2.8 ± 0.04 μm diameter green-fluorescent
particles and 1.08 ± 0.04 μm diameter red-fluorescent particles. The particles were received as
2.5 w/v% water stock suspensions and diluted to 0.75 and 0.5 w/v% in 50:50 ultra-pure
water:isopropanol mixtures, for the green and red particles, respectively. Isopropanol (99.95%,
Fisher Chemicals, Leicestershire, UK), acetone (99.9%, Sigma-Aldrich, St. Louis, MO, USA),
1,6-Diaminohexane (Sigma-Aldrich), sebacoyldichloride (Merck, Darmstadt, Germany) and
2-Hydroxy-4′-(2-Hydroxyethoxy)-2-Methylpropiophenone (Irgacure 2959) (98%, Aldrich Chemistry,
St. Louis, MO, USA) were used as received. Decane (99%, ABCR, Karlsruhe, Germany) was purified
to remove polar impurities by five consecutive basic alumina column filtrations, using fresh powder
for each one. The purified decane showed a stable interfacial tension of 53 ± 0.5 mN/m against
water for a minimum of 2 h. Styrene (>99%, TCI, Portland, OR, USA) and p-divinylbenzene (80%,
Aldrich Chemistry) were each filtered through a basic alumina column to remove the inhibitor. The
activated liquids were kept in the fridge until use. Borosilicate glass slides and the pitted silicon wafers
(MakroPore-12-70, Smartmembranes, Germany) were cleaned by consecutive ultra-sonication for
10 min in acetone, isopropanol and then ultra-pure water. This was followed by rinsing with ultra-pure
water and drying with a nitrogen stream. Shortly before use they were placed in a UV/ozone
cleaner for 2 min (UV/Ozone Procleaner Plus, Bioforce Nanosciences, Ames, IA, USA). Finally,
monodisperse polystyrene 300 Da (Polyscience Inc., Warrington, PA, US), monodisperse polystyrene
2200 Da (Alfa Aeser, Heysham, UK), pyrromethene (BODIPY c© 493/503, Invitrogen, Carlsbad, CA,
US) and Macrolex RedG (Lanxess, Leverkusen, Germany) were used to prepare the test solutions for
UV-visible spectroscopy and pendant drop tensiometry.

The chemicals for the UV photo-polymerization of styrene were prepared as follows. The water
phase and the oil phase were prepared separately inside two round-bottom flasks. The initiator Irgacure
2959 was dissolved in ultra-pure water at a concentration of 4.46 mM and stirred for approximately half
an hour. Afterwards, remaining particulate was removed by pressing the solution through a syringe
filter. The oil-phase was prepared by adding styrene and p-divinylbenzene to decane at concentrations
of 1.56 mM and of 0.14 mM, respectively. Before use, oxygen was removed by bubbling the two
separate solutions with nitrogen for at least one hour. Fresh solutions were prepared before each
experiment.

4.2. Sample Cells

Sample cells for observation under the microscope were custom-made by cutting 50 mL TPP
centrifuge tubes (Sigma-Aldrich) and gluing them onto borosilicate glass slides using the UV-curable
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adhesive Norland NOA 61 Norland Products, Cranbury, NJ, US. The interface was created and pinned
at polished aluminium or galvanized steel rings of thicknesses and diameters in the range of few
millimeters. MN 615 (MACHEREY-NAGEL, Duren, Germany) filter paper was used as a physical
barrier for the nylon interfacial polymerization and mounted above the interface by screwing the sides
of a TPP centrifuge tube onto its cap glued onto the glass slide.

4.3. Microscopy Experiments

Microscopy experiments were carried out on the custom-built optical line shown in Figure 8.
The setup allowed for simultaneous bright-field or fluorescence imaging and UV illumination by
means of a UV LED lamp with a wavelength of 365 nm. The interface was viewed through a 20×
infinity-corrected long-working-distance objective with a 20 mm working distance and an additional
fixed in-line magnification of 1.5×. Images were captured with a xiQ USB3 CCD camera (Ximea,
Munster, Germany) and recorded using the freeware μManager (Micro-Manager, US). The sample cell
was placed on a stage which allowed for illumination of the interface both in reflection (fluorescence)
and transmission. Image series of the particles at the interface were acquired at four frames per second
at regular intervals to follow the time evolution of the particle dynamics. The images were analyzed
using freely available Matlab code [46] based on the standard code by Cocker and Grier [47].

4.4. Pendant Drop Tensiometry and UV-Visible Spectroscopy Experiments

The interfacial activity of the various substances described in the Results section was measured
by a pendant drop device (DSA100, Krüss GmbH, Hamburg, Germany). Depending on the substances
of interest, the interfacial tension of either aqueous droplets in decane or decane droplets in water
(with an inverted needle) was measured as a function of time. The accuracy of the measurements is of
±0.5 mN/m. Spectroscopic analysis to prove the presence of polystyrene oligomers and fluorescent
dyes released by the PS in decane was carried out with a UV-Visible spectrometer (Jasco V660,
Hachioji, Japan) calibrated against pure decane. Each sample was diluted appropriately before
the measurements, since only the nature of the released impurities was of interest and no quantitative
analysis was carried out.
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Abstract: Recently-developed photo-crosslinkable PMMA (polymethylmethacrylate) colloidal
spheres are a highly promising system for fundamental studies in colloidal physics and may have
a wide range of future technological applications. We synthesize these colloids and characterize
their size distribution. Their swelling in a density- and index- matching organic solvent system is
demonstrated and we employ dynamic light scattering (DLS), as also the recently-developed confocal
differential dynamic microscopy (ConDDM), to characterize the structure and the dynamics of a fluid
bulk suspension of such colloids at different particle densities, detecting significant particle charging
effects. We stretch these photo-crosslinkable spheres into ellipsoids. The fact that the ellipsoids are
cross-linked allows them to be fluorescently stained, permitting a dense suspension of ellipsoids,
a simple model of fluid matter, to be imaged by direct confocal microscopy.

Keywords: photo-crosslinkable colloids; dynamic light scattering; differential dynamics microscopy;
ellipsoid; PMMA

1. Introduction

Colloids, micron-size particles suspended in a solvent, are ubiquitous in nature and
technology and may serve as a simple physical model for the phase behavior of atoms and
molecules. Colloids minimize their free energy similar to atoms and molecules, yet they undergo
a hydrodynamically-overdamped Brownian motion, very different from the ballistic dynamics
exhibited by atomic and molecular systems. With the size of an individual colloidal particle being
about one micron, there are almost 1012 of such colloids suspended in 1.0 mL of a dense colloidal
fluid. Therefore, these systems constitute a unique source of experimental data, bridging between the
behavior of individual particles and the thermodynamics of truly macroscopic systems. Fast modern
confocal laser-scanning microscopes allow the structure and dynamics of ~105 individual colloidal
particles in a dense fluid to be followed in real-time and in three spatial dimensions. This unique
combination of optical microscopy and colloids is very well known and, in fact, these were Perrin’s
optical measurements of Brownian diffusion of colloids [1], which provided the first unequivocal
proof for the existence of atoms and a reliable estimate of the Boltzmann constant [2]. In addition to
being sufficiently large for real-time single-particle tracking by optical microscopy, colloids may also
have their interparticle interactions tuned to allow the exploration of a system’s phase space, which is
a great advantage compared to the conventional atomic and molecular systems.
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The local microscopic structure of a fluid of simple spheres is well-studied. However,
the constituents of most real-life fluids are non-spherical, with their rotational and translational degrees
of freedom coupled. This coupling does not allow the structure of simple dense fluids of non-spherical
particles, such as ellipsoids, to be obtained by classical scattering techniques. Thus, the main method
for structural studies of such fluids, of a tremendous fundamental importance, is confocal microscopy
of colloidal ellipsoids [3–7]. In addition to their value for the fundamental research, ellipsoidal colloids
also open new directions in engineering of photonic and phononic metamaterials [8]. However,
while many protocols exist for the synthesis of spherical colloids, synthesizing fluorescent ellipsoidal
particles is more challenging, particularly when the composition of these particles must allow for their
density- and index- matching in a stable solvent, transparent to visible light. A common approach is to
first synthesize colloidal PMMA (polymethylmethacrylate) spheres by dispersion polymerization and
then to embed these in a polymer matrix, which is stretched at an elevated temperature elongating
the particles [9–11]. With the stretching carried out above the glass temperature of PMMA, the
particles, cooled down in a stretched state, keep their ellipsoidal shape. The subsequent chemical
destruction of the matrix releases these ellipsoidal colloids, which can now be used to form a fluid
suspension [3,4,7,9,10,12–15]. Unfortunately, while the initial PMMA spheres are sterically stabilized by
a polyhydroxystearic acid (PHSA) polymer brush layer [16], this layer is significantly damaged during
the destruction of the polymer matrix. Thus, the ellipsoids are typically unstable against gelation [17]
and have to be charged to remain in a fluid state, which complicates the interparticle interactions
and the physical understanding of the phase behavior [3,4,7]. In addition, the high-temperature
stretching procedure damages the fluorescent dye inside the particles [14], challenging their confocal
imaging. It has been recently suggested [18] that stretching of photo-crosslinkable PMMA (PCPMMA)
spheres can be performed and then the fluorescent dye and the PHSA steric layer can be fully restored,
post-elongation. In particular, the stretched PCPMMA spheres are photo-crosslinked in their ellipsoidal
state; then, high-temperature procedures are employed to load the particles with a fluorescent dye and
to covalently link PHSA to their surface. Such procedures are impossible with the common PMMA
particles, which would turn spherical if heated to a high temperature. In addition, many other possible
technological applications for PCPMMA colloids have been proposed in the literature [18]. However,
while the suspensions of common PMMA spheres have been extensively studied in the past [19–22],
the physical properties of PCPMMA spheres have not yet been characterized, so the baseline for
the future studies of PCPMMA ellipsoids and other promising applications of PCPMMA colloids
is missing.

In our current work, we synthesize spherical PCPMMA colloids and, employing several different
experimental techniques, fully characterize their size, their size distribution, and also the structure and
dynamics of their fluids. For particle synthesis, we employ a protocol which is similar, yet not identical,
with the one used in the previous work [18] (see the Experimental section). We suspend the particles
in a density- and index- matching solvent, forming a stable suspension, the bulk structure of which is
accessible by confocal microscopy. We demonstrate that the particles significantly swell in this solvent.
The structure of these suspensions and their dynamics, which we measure by the recently-developed
confocal differential dynamic microscopy (ConDDM) [19], indicate that the particles are charged much
more strongly than the common sterically-stabilized PMMA colloids in a similar solvent [20,21,23].
Note that while ConDDM has been recently employed for characterization of common PMMA
spheres [19], the diffusion coefficients of crowded suspensions were not extracted; the corresponding
information for PCPMMA has also been completely missing. Finally, we demonstrate that the particles
can be stretched into an ellipsoidal shape, fluorescently-labeled, and resuspended in a solvent for
confocal studies.
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2. Results and Discussion

All details of PCPMMA particle synthesis, photo-crosslinking, fluorescent staining,
and preparation of the suspensions are described in the Experimental section. In the following,
we describe the characterization of the individual particles and of their suspensions.

2.1. Particle Characterization

2.1.1. Electron Microscopy

In order to characterize the shape of the spherical colloidal particles, we deposit them from hexane
onto a clean glass microscopy slide, dry the sample under vacuum, and obtain scanning electron
microscopy (SEM) images at 5–30 keV, employing the Quanta Inspect (FEI, Hillsboro, OR, USA) (FEITM)
setup. A typical image of our initial spherical particles is shown in Figure 1a; note the relatively low
polydispersity of the particles. To obtain a quantitative estimate of the particle size distribution P(σ),
we obtain the diameters σ of >1200 spheres, employing a Circle Hough Transform-based [24] algorithm
for automatic detection of all particle radii in SEM images. The resulting P(σ) is closely described
by a Voigt function, peaking at σ = 1.499 ± 0.002μm (Figure 1b). The apparent polydispersity [25]
δ ≡ √〈σ2〉/〈σ〉 is 0.08. Importantly, δ is influenced by the accuracy of σ measurements and by the
SEM imaging artifacts. Thus, for the relatively small particles studied in the present work, this δ value
may probably slightly overestimate the true polydispersity of the colloids [26].

Figure 1. (a) SEM image of the original colloidal spheres demonstrates that their polydispersity is
relatively low. The scale bar is 10 μm; (b) The distribution of particle diameters P(σ) (symbols),
as obtained by SEM measurements. The red curve is a Voigt function fit, shown as a guide to the eye.

2.1.2. Dynamic Light Scattering

To characterize the size of the colloids in the suspended state, we use dynamic light scattering
(DLS). While our SEM measurements provide the full P(σ), they are carried out in a vacuum, where the
particles are possibly shrunk by drying. For DLS measurements, we suspend our colloids in the mixture
of decalin and tetrachloroethylene (TCE), as described in the Experimental section. The refractive index
of this mixture, at an ambient temperature, was measured as n = 1.488, employing the Abbe-2WAJ
refractometer (PCE Americas Inc., Palm Beach, FL, USA). The ambient-temperature viscosity was
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obtained as 1.2 mPa·s, employing a Cannon–Manning semimicro viscometer (CANNON Instrument
Company, State College, PA, USA). The DLS measurements were carried out with a PhotocorTM

goniometer-based setup (Photocor Instruments, Tallinn, Estonia), with the time-averaged scattered
intensity autocorrelation, g(2)(δt) = 〈I(t)I(t + δt)〉, measured over a wide range of scattering angles θ.
Such multiangle DLS measurements [19,27] are much more reliable than measurements done with the
more common fixed-angle DLS setups, which are only capable of carrying the measurements at a few
different θ. For perfectly monodisperse particles at a very low particle concentration (φ � 10−3),

g(2)(δt) = B + β exp (−2Γδt), (1)

where B, β, and Γ are the baseline, the contrast, and the decay rate [27]; λ = 633 nm is the radiation
wavelength. The particle size information is encoded in Γ, which is a function of the wavevector
transfer q = (4πn/λ) sin (θ/2). A typical experimental g(2)(δt) of our particles is shown in the inset to
Figure 2a. Note the perfect fit by the theoretical expression (Equation (1)), confirming that the particle
polydispersity is low [27].

To extract the average particle size, we plot Γ as a function of q2; a perfectly linear scaling is
observed, with no offset at q = 0, as demonstrated in Figure 2a. While a denser sampling along the
q-axis is needed for a quantitative DLS measurement of the polydispersity, the fact that Γ(q2) is linear
indicates that the polydispersity is relatively low [28]. The diffusion coefficient D0 of the colloids is the
slope [19,27] of Γ(q2), so that D0 = Γ/q2 = 0.22 ± 0.01 μm2/s. The particle diameter is then obtained
as σ = kBT/3πηD0 = 1.66 ± 0.08 μm. This value is larger by >10% compared to the SEM-derived
particle diameter. The observed discrepancy between SEM and DLS is far larger than the uncertainty
of either of these techniques, indicating that the colloids swell in this solvent, significantly increasing
in their size compared to the dry state probed by SEM. We note that the swelling of soft materials
has recently been used for an exciting superresolution imaging of biological samples, providing
an important motivation for characterization of the swelling properties of polymers [29]. To make sure
that the particles have swollen to their equilibrium size, we repeated the DLS measurements of the
same particles for three days; then, the measurements were also repeated after two weeks. No diameter
change was detected in these measurements, indicating that the particles have already equilibrated
inside the solvent. Interestingly, particle swelling is independent of the crosslinking; the same σ was
obtained for both the crosslinked and the non-crosslinked particles.

2.1.3. Confocal Differential Dynamic Microscopy

As an additional test of particle swelling, we employ the confocal differential dynamic microscopy
(ConDDM), a recently developed technique, where particle dynamics within the suspension are
obtained by real-space microscopy [19,30,31]. With the Rayleigh scattering intensity being proportional
to σ6, the DLS-derived σ may be biased, at a finite polydispersity, by the larger particles. The ConDDM
measurements, where the signal comes from particle fluorescence, rather than from the Rayleigh
scattering, are not subject to such a bias; thus, ConDDM measurements provide, at these very low φ,
an additional test for the σ value.

In ConDDM, time series of two-dimensional confocal slices through the suspension are obtained.
Pairs of images, separated by a time interval δt, are selected. The images are then subtracted one
from the other, removing any time-independent background [19,30,31]. Next, we calculate the 2D
Fourier transform of this image difference, square its magnitude, and average the result over all image
pairs having the same δt. The radial average of the resulting power spectra Δ(q, δt), the ConDDM
variant of g(2), is proportional to [1 − f (δt, q)] + B, where f (δt, q) is equivalent to the intermediate
scattering function and B is a (very small) background. The experimental Δ(q, δt) are perfectly
matched by a theoretical fit (see inset to Figure 2b), where f (δt, q) ≡ exp [−δt/τ(q)], allowing the
characteristic diffusion time τ(q) to be extracted. As for the DLS, τ(q) = Γ−1 = 1/D0q2; indeed, the
correct power law is observed in Figure 2b, where a double-logarithmic scale is used. The resulting
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D0 = 0.21 ± 0.01 μm2/s yields σ = 1.74 ± 0.08 μm, coinciding, within the statistical error, with the
value obtained by DLS. This perfect agreement between the ConDDM- and the DLS- derived particle
diameters proves the validity of these methods and also indicates that the size distribution of our
colloids is narrow. With the DLS data being strongly biased by the larger particles, as mentioned above,
broader size distributions would not allow the same σ to be detected by both of these methods.

Figure 2. (a) Particle sizing by DLS (dynamic light scattering). The experimental decay rate Γ (scatter)
of the DLS intensity autocorrelation function g(2)(δt) is shown to scale linearly with q2, indicative of a
low particle polydispersity. The red line is the theoretical fit, from which the particle diffusion constant
is extracted. A representative autocorrelation function (obtained at θ = 55◦) is shown in the inset
(scatter); note the perfect match by the theoretical fit (Equation (1), solid curve). (b) Particle sizing by
ConDDM (confocal differential dynamic microscopy). The correlations between the subsequent images
decay over time τ(q), which for the dilute samples is linear in q2; note the double-logarithmic scale.
The experimental data (scatter) are fitted by the theory (red line), allowing the diffusion coefficient to be
extracted. The extracted value is in a perfect agreement with the DLS, indicating a significant swelling
of the particles in the solvent. The inset shows a typical variation of Δ(δt) (in arbitrary units), which
stems from the decay of the correlations between the images. Note the perfect agreement between the
experiment (scatter) and the theoretical fit (solid green curve).

2.2. Dense Fluids: Structure

To probe the interparticle potentials of the PCPMMA spheres, we measure the structure of their
fluid suspensions. While, by definition, an ideal gas exhibits no particle correlations and the crystals
are fully correlated, dense fluids are an intermediate between these two limits, exhibiting short range
correlations. The correlations in fluids are a sensitive measure of the interparticle potentials U(r) at
a finite φ. While multiple (relatively-) direct methods exist [32], allowing the colloidal pair potentials
at φ → 0 to be measured, the φ-indepedence of the pair potential cannot, in general, be guaranteed for
the colloids. To characterize the interparticle correlations at a finite φ, we obtain the radial distribution
function g(r) (Figure 3a), using particle center positions detected by microscopy [33]. This function
is proportional to the probability for two particles to have their centers separated by a distance r.
By normalization, the g(r) is 1 for an ideal gas, where the correlations are missing. At small separations
r < σ, g(r) → 0, due to the mutual exclusion of the colloids. The peaks of g(r) correspond to the liquid
coordination shells. The contrast of these shells exhibits an exponential decay, characteristic of the
short range order in fluids. Notably, the principal peak of the experimental g(r) occurs much higher
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than at r = σ, indicating that the particles are electrically charged; thus, their effective particle diameter
is higher than either the DLS- or the ConDDM- derived hydrodynamic radii. Indeed, the wide and
smooth shape of the principal peak is also typical of the soft charge repulsions.

For a more quantitative estimate of U(r), we invert the experimental g(r) employing the classical
Ornstein–Zernike formalism and the hypernetted chain (HNC) approximation. An iterative technique
has been proposed [34], allowing for the convergence of U(r) at a finite φ. The resulting U(r), obtained
for the experimental samples in a wide range of φ, almost fully overlap. In all cases, a potential
well is clearly visible at short particle separations (solid curve in Figure 3c). The shape of the U(r)
is virtually unchanged when the full three-dimensional g(r) is reconstructed by the algorithm of
Wilkinson and Edwards [35] and used for the inversion procedure; accounting for the finite particle
polydispersity [36], avoided at present to minimize the generation of numerical noise, may additionally
increase the depth of the potential well by ~20%. No similar potential well occurs for the U(r) obtained
by an inversion of the theoretical g(r) of the ideal hard spheres (dashes in Figure 3c). These observations
suggest that the pair potentials of our colloids include a significant attractive contribution. Very recently,
similar attractions have been detected in two-dimensional suspensions of common PMMA colloids
and attributed to the presence of dipolar interactions [22]. Additional studies are needed to confirm
the physical mechanism of the attractions observed in our current work.

Figure 3. (a) The radial distribution function, g(r), at two different volume fractions: φ = 0.1
(blue triangles) and φ = 0.2 (red circles). The r values are normalized by σ, as obtained by DLS.
The lines are guide to the eye. Note that the position of the first peak, occurring much higher than
r/σ = 1, indicates that the colloids are charged. Similarly, the wide first peak is typical for the charged
systems. (b) The short-time diffusion rates ds(q), as obtained by ConDDM. Note, the y-axis corresponds
to the (dimensionless) reciprocal of the diffusion rate, D0/ds(q); the lines are guide to the eye. The
ds(q) values are obtained by fitting an exponential to the corresponding f (δt, q), with the fit limited
to δt � τR, as explained in the main text. A typical fit (pink line) is shown in the inset to panel (c),
where the experimental f (δt, q) appear in black symbols. (c) The pair potential of our PCPMMA
(photo-crosslinkable PMMA) spheres (solid blue curve), as obtained by a numerical inversion [34] of
the experimental g(r), exhibits a small dip at low r, suggesting that slight interparticle attractions may
be present. The curve was obtained by averaging over several different φ, to minimize the numerical
noise; the curves at all φ are very close together, validating this averaging. To test the inversion
procedure, we carry out a similar inversion for a theoretical g(r) of hard spheres (brown dashes).
No attractions are detected in this test case, in a further support of the currently-used numerical
protocol [34].
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2.3. Dense Fluids: Dynamics

To further characterize the properties of the PCPMMA colloids, we measure the dynamics in
dense fluids of these particles [21,37]. In general, there are three distinct regimes of dynamics in fluid
colloidal suspensions. At the very short times, t < τB, the dynamics are ballistic; here, τB = m/3πησ

is the Brownian relaxation time and m is the mass of an individual colloidal particle. At longer times,
τB � t � τR, the dynamics is diffusive; here, τR = σ2/4D0 is the time for a particle to diffuse its own
size in a free solvent [38], so that, for t � τR, the direct steric interactions between the colloids are
negligible. In this so-called ‘short-time dynamics’ regime (τB � t � τR), only the solvent-mediated
hydrodynamic interactions between the colloids matter. At even longer times, t � τR, the long-time
diffusion sets in. In this regime, the dynamics is governed by both the hydrodynamic interactions and
the random encounters between the colloids [21]. In our case, we estimate: τR ≈ 3 s and τB ≈ 150 ns.
Thus, our ConDDM measurements, carried out at 30 fps, allow the short-time dynamics (δt ≤ 4 frames)
to be probed, for a wide range of q values.

To obtain only the short-time dynamics contributions, we fit the experimental f (δt, q) by a decaying
exponent, limiting the fit to δt ≤ 0.26 s (inset to Figure 3c). Clearly, significant deviations from a simple
exponential behavior occur at larger δt, due to the crossover to the long-time diffusion regime. The fitted
characteristic time of the f (δt, q)-decay, τ(q), yields the short-time diffusion rate ds(q) = 1/[q2τ(q)].
This ds(q) is a sensitive function of both q and φ, as demonstrated in Figure 3b, where the data are
normalized by the free particle diffusion rate D0, for non-dimensionalization. As expected [21,37],
the D0/ds(q) is peaking at q = Qm, corresponding to the principal peak position of the structure factor
S(q). In the real space, this q-value represents the most probable interparticle separation, given by
the principal peak position Rm of the g(r). Indeed, 2π/Qm ≈ 1.6σ, in full agreement with Figure 3a.
Thus, the diffusion is slowed by the liquid coordination shell structure: particles separated by Rm are
trapped for a longer time in this thermodynamically-favorable configuration.

Furthermore, the short-time diffusion rate at q = Qm depends on the colloidal concentration,
as demonstrated by squares in Figure 4a. For higher φ, the structural fluctuations away from the
shell structure are energetically more costly, so that the two-particle states, where r = Rm, are
long-lived. Thus, D0/ds(Qm) is an increasing function of φ. Remarkably, a much steeper increase
with φ has been observed for the PMMA hard spheres, where the DLS-derived data [21] have been
fitted by a polynomial: D0/ds(Qm) ≈ 1 − 2φ + 58φ2 − 220φ3 + 347φ4 (dashes in Figure 4a). Moreover,
D0/ds(Qm) values obtained in previous experimental [39,40] and theoretical [41] studies of charged
colloids in aqueous suspensions exceed both our current data and the data obtained for the hard
spheres. Further theoretical studies are necessary to fully understand the effect of the complex U(r)
shape in PCPMMA on dense suspension dynamics; notably, particle porosity has recently been
demonstrated to reduce the D0/ds(Qm) beyond the hard spheres’ limit [42].

Finally, the q → 0 limit of ds(q) represents the collective (short-time) diffusion. Counterintuitively,
the corresponding diffusion rates dC

s (φ), obtained by an extrapolation of the experimental data to
q = 0, speed up with φ; see Figure 4b. The same trend is also clearly observed by comparing the two
data sets, for φ = 0.1 and φ = 0.2, in Figure 3b. A similar behavior was observed previously for
the hard spheres and attributed to the collective motion of neighboring particles, allowing for a fast
decay of the long-wavelength fluctuations [21]. However, as for the ds(Qm), the φ-dependence is
much steeper in our samples (open squares), compared to both the experimental (triangles) and the
theoretical [21,43,44] (dash-dotted curve) hard spheres. While similar trends have been previously
detected for purely-repulsive charged colloids in aqueous media [39,40] and also for the porous
hard spheres [42], additional experimental and theoretical work is clearly needed to develop a full
understanding of these experimental data.
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Figure 4. (a) The (reciprocal of the) short-time diffusion at q = Qm demonstrates the lifetime of
structural fluctuations, with a wavelength corresponding to the interparticle separation. The data,
obtained for our PCPMMA fluids by ConDDM (pink squares), are shown for a range of different φ.
A polynomial fit to the hard PMMA spheres’ data [21] obtained by DLS (see main text), is shown by
a dashed curve. (b) The (reciprocal of the) short-time collective diffusion (the limiting behavior at q → 0)
exhibits a very steep φ-dependence for our charged PCPMMA spheres (open blue squares, obtained
by ConDDM). A much less steep behavior was previously obtained for the hard PMMA spheres [21],
employing DLS (black triangles). The theoretical prediction for the hard spheres (dash-dotted curve,
marked as LBE [fluctuating lattice Boltzmann equation method]) [21,43,44] does not match either of the
experimental dependencies. The solid lines are guides to the eye. Note, in contrast with the common
intuition, both the experimental and the theoretical rates of collective diffusion speed up with φ.

2.4. PCPMMA Ellipsoids

A great advantage of PCPMMA, compared to the classical PMMA spheres, is that these particles
can be fluorescently stained anew, after their stretching into an ellipsoidal shape. With the original dye
being (almost completely) bleached by the elevated-temperature stretching process [14], the ability to
load new dye into the stretched PCPMMA by the swelling/deswelling procedure is very important.
We stretch our PCPMMA colloids into ellipsoidal shapes, as described in the Experimental Section.
Particles in one batch are stretched by 70%, while those in the other batch are stretched by 90%.
The SEM images (Figure 5) demonstrate a successful formation of ellipsoids in both cases.

With the PCPMMA ellipsoids stained by the swelling/deswelling procedure, we suspend the
particles in a mixture of decalin and TCE, as was done for the spheres (see above). The particles, as
stretched, are unstable, with the sterically-stabilizing PHSA monolayer partly destroyed by the sodium
methoxide (SM). While recoating by PHSA and covalently linking it to particle surface must be possible
with the PCPMMA ellipsoids, in the current work, we charge-stabilize the particles instead. For charge
stabilization, we introduce AOT (dioctyl sodium sulfosuccinate, Sigma-Aldrich 98%, St. Louis, MO,
United States) micelles into the suspension. At AOT concentrations of 70–80 mM, the AOT micelles
charge the particles [45], but also screen the long-range Coulomb repulsions, so that the resulting
interactions are almost hard [3,4,7]. A typical confocal microscopy slice through the bulk of the
suspension is shown in Figure 6a. While a confocal image of PCPMMA ellipsoids deposited from pure
decalin onto a glass substrate has been recently demonstrated by Klein et al. [18], confocal images
of bulk fluid suspensions of such particles have hitherto not been published. Note the excellent
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brightness of all the particles, and, importantly, particles which are not parallel to the optical slice
appear more rounded than they actually are. Interestingly, some particles appear much brighter than
the others. While these variations of brightness do not matter for the particle tracking, the origin of
this phenomenon is unclear. We suggest that the brighter particles can potentially be used as tracers in
rapid dynamics experiments, where the full trajectories of all particles cannot be tracked.

Figure 5. SEM images of prolate ellipsoids, obtained by stretching of the spherical PCPMMA colloids
by (a,b) 90%; and (c,d) 70%. The scale bar lengths are 5 μm.

To locate the positions of all particles, the slice is processed, so that the fluorescent colloids
appear as bright, well-separated features on a dark background. A two-dimensional slice through an
ellipsoidal particle is an ellipse. The center positions and the angles of orientation of all such ellipses,
in each of the two-dimensional slices, are measured employing the covariance matrix formalism [4,7].
The positions and the orientations of the particles, as detected, are marked by red ellipses in Figure 6b;
note the very good agreement with the raw data. Finally, the tracked particle positions can be used
to obtain the structure of a fluid of ellipsoids. Some preliminary data of this kind are demonstrated
in the Appendix, accompanied by a tentative theoretical analysis. Further studies in this direction
are underway.

Figure 6. (a) A raw confocal slice through a fluid bulk suspension of PCPMMA ellipsoids. Note the
brightness of the particles, achieved by a swelling/deswelling fluorescent staining, carried out after
particle stretching; such staining is impossible with the conventional PMMA ellipsoids [3,4,7]. While
our confocal images deal with a fluid of mobile particles, so that resonant scanning and piezo-z
positioning had to be employed, much higher quality images of similar particles have been recently
obtained for static PCPMMA ellipsoids, residing at the bottom of a sample chamber [18], where much
slower galvanometric confocal scanning is possible. (b) The same image, with the positions and the
orientations of the particles, as detected by our algorithm, marked by red ellipses. Note that all particles
that are not perfectly parallel to the optical slice appear more rounded than they actually are. The scale
bar length is 14 μm, in both panels.
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3. Experimental

3.1. Materials

Methyl methacrylate (MMA), methacrylic acid (MA), octyl mercaptane (OctSH), azobisisobutyronitrile
(AIBN), butyl acetate (BA), dodecane, hexane, hydroxy terminated polydimethylsiloxane (PDMS),
trimethylsilyl terminated poly(dimethylsiloxane-co-methylhydrosiloxane), tin(II) 2-ethylhexanoate,
tetrachloroethylene (TCE, >99.5%), cis/trans decahydronaphthalene (decalin), and rhodamine B
chloride (95%) were purchased from Sigma-Aldrich. Ethyl acetate (EA) was obtained from Tedia
Company Inc. (Fairfield, OH, USA). Isopropyl alcohol (AR), acetone, and cyclohexanone (>99%)
were obtained from Frutarom (Haifa District, Israel), Macron Fine Chemicals (Center Valley, PA,
USA), and Sigma-Aldrich, respectively. Sodium methoxide (SM) was obtained from Fluka (>97%)
(Sigma-Aldrich). The photo-crosslinking comonomer 2-cinnamoyl oxyethylacrylate (CEA) was
supplied by Polysciences (Warrington, PA, USA). The individual poly-12-hydroxystearic acid chains
were produced by Azko Nobel (Slough, UK) and were converted into a PMMA-PHSA comb stabilizer
at Edinburgh University using a procedure which is described elsewhere [16].

3.2. Particle Synthesis

The dispersion polymerization procedure, commonly used for preparation of colloidal PMMA
spheres [16], has recently been extended to allow the photo-activated cross-linker 2-cinnamoyl
oxyethylacrylate (CEA), to be incorporated into the particles [18]. This cross-linker has the advantage
that it can be initiated after the particles have been formed and can be activated at any point in the
post-preparation processing. Prior to particle preparation, the MMA monomer is purified by vacuum
filtration through alumina. Then, the steric stabilizer solution is prepared by adding the stabilizer [16]
(PHSA, 0.31 g, as a powder) into a mixture of BA (0.17 mL) and EA (0.35 mL); vigorous mixing is
necessary to have the PHSA fully dissolved. In addition, we also prepare a solvent solution, by
mixing hexane (15 mL) with dodecane (6.5 mL), and dissolving MA (0.26 mL), MMA (13.8 mL), CEA
(0.763 mL), AIBN (3.93 mL), and OctSH (102 μL) in this solution. Finally, this solution and the steric
stabilizer solution are poured into a three-neck round bottom flask (250 mL); see Figure 7, where the
individual steps of adding the material into the flask are detailed. The flask, equipped by a reflux
condenser, was immersed in an oil-bath, pre-stabilized at 80 ◦C on top of a digital hot plate. At this
temperature, the reaction was allowed to run for 1 h, with the contents of the flask being homogenized
by an overhead stirrer. While carrying out the reaction under an inert atmosphere was possible with
our current setup, the atmosphere being either inert or not appearing to be unimportant for its success.
When the reaction was finished, the solid contents of the dispersion were transferred into hexane by
repetitive centrifugation, decantation, and redispersion.
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Figure 7. Dispersion polymerization procedure. The materials are introduced into a three-neck round
bottom flask in three separate steps. Then, the contents are stirred for 1 h at 80 ◦C, after which the solid
contents of the dispersion are transferred into hexane.

3.3. Photo-Crosslinking of the Particles

To photoactivate the crosslinker, 400 mg of the particles were dispersed in 20 mL of pure decalin
and subjected to UV irradiation. The dispersions were agitated by a magnetic stirring bar, to prevent
particle settling. Irradiation was performed by focusing the light of a high pressure mercury–xenon
short arc lamp to the middle part of a cuvette for 3 h. The experimentally-determined spectrum of
this lamp is shown in Figure A2. To avoid excessive heating of the sample, the cuvette was wrapped
around by plastic tubes, through which water at 6 ◦C was circulated. The UV light passed through the
opening of the cuvette, so that the blocking of it by either the plastic tubes or the glass walls of the
cuvette was completely avoided.

3.4. Stretching of Colloidal PCPMMA Spheres to Form Colloidal Ellipsoids

To form colloidal ellipsoids, we stretch the PCPMMA spheres prior to their photoactivation [3,4,9,46].
Photo-crosslinking of the ellipsoids is then carried out, as in the previous section, significantly
increasing their thermal shape stability [18]. To embed the particles in a PDMS matrix, for mechanical
stretching, we suspend the PCPMMA spheres in a 25% (w/w) solution of hydroxy terminated
PDMS (typical molecular weight Mn = 105) in hexane. The volume fraction of the PCPMMA
spheres in this mixture is low, φ ≈ 0.03. Next, a cross-linking agent, trimethylsilyl terminated
poly(dimethylsiloxane-co-methylhydrosiloxane) (Mn = 950) and a catalyst [tin(II) 2- ethylhexanoate,
~95%] are added to polymerize the PDMS. The weight fractions of the crosslinking agent and the
catalyst are 6 × 10−3 and 8 × 10−3, respectively. Immediately after the introduction of the cross-linking
agent and the catalyst, the suspension is poured onto a rectangular mold, so that a 1 mm-thick
composite rubber film forms. To avoid trapping of hexane bubbles, the curing of this rubber film
is carried out under vacuum [14] at 1 mTorr. After a curing time of ≈13 h, the films are post-cured
for 2 h in an oven pre-heated to 120 ◦C. The rubber is then uniaxially stretched to a desired length
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inside the oven at T = 165 ◦C, which is above the glass transition temperature of PMMA. To release
the ellipsoids, the PDMS matrix is destroyed. For this, it is first swollen in hexane for 24 h. Next,
the films are transferred to a mixture of isopropyl alcohol and hexane (5:23 w/w), to which a small
amount (0.04%, w/w) of SM is added. This mixture is filled into a hermetically sealed flask, which
is placed on a magnetic stirring plate. To help the SM destroy the PDMS matrix, it was found that it
was necessary to cut the film into many small fragments. To do this, a piece of ferromagnetic razor
was introduced into the flask and agitated by the magnetic field of the stirring plate. When the film is
fully degraded, the particles are sedimented by centrifugation and transferred to decalin or hexane.
Unfortunately, in addition to degrading the PDMS matrix, SM also destroys parts of the PHSA steric
layer. The PHSA molecules are linked to the particle surface by ester bonds, attacked by the SM via
a transesterification process [46]. In an attempt to avoid PHSA degradation, we tried destroying the
PDMS matrix by sodium tert-butoxide and sodium ethylate. However, these chemicals were unable to
degrade the PDMS matrix, even when the process was allowed to proceed for several days.

3.5. Fluorescent Staining of the Colloids

The great advantage of our synthesis of PCPMMA colloids is the ability to fluorescently stain
the ellipsoids, post-stretching [18], where we employ a swelling/deswelling procedure to introduce
rhodamine B chloride into the particles [47]. Significant bleaching of the fluorescent dye occurs during
particle stretching, since it is carried at an elevated temperature [14]. However, with the standard
PMMA, where the cross-linking is either done during the synthesis of the spheres’, or not done at all,
the dye cannot be replenished after particle elongation [3,4,9,46]; the swelling/deswelling procedure
would simply make the standard PMMA ellipsoids regain a spherical shape [18]. The PCPMMA
particles, photo-crosslinked in their elongated state, do not relax into a spherical shape, even if
significantly swollen for loading with the fluorescent dye.

For the swelling/deswelling procedure, we prepared a solution of acetone and cyclohexanone
(1:3, by volume), and added to it a small amount (<1%) of rhodamine. Furthermore, 1 mL of this
solution was added dropwise, while stirring, to a 2 mL suspension of PCPMMA colloids in dodecane
(φ ≈ 0.1). The suspension was then mixed for 10 min at ambient temperature. Finally, for the particles
to deswell, they were transferred to decalin. Repetitive washing of the particles in decalin was carried
out to remove the traces of free fluorescent dye. The same protocol was used for staining of both the
spheres and the (photo-crosslinked) ellipsoids.

3.6. Formation and Imaging of Fluid Suspensions

We suspend our colloids in a mixture (40:60, by mass) of decalin and TCE. This mixture closely
matches the refractive index of our particles. The mass density of this mixture is also very close to that
of our colloids, so that the gravitational force acting on the colloids is balanced by the Archimedes force
and the particles do not settle on the experimental time scale. For confocal imaging, the sample is loaded
into a Vitrocom capillary (VitroCom, Mountain Lakes, NJ, USA) (0.1 × 2 × 50 mm or 0.1 × 1 × 50 mm)
and sealed with an epoxy glue. Our resonant laser scanning confocal setup Nikon A1R (Nikon
Instruments Inc., Melville, NY, USA), equipped by an oil-immersed Nikon Plan Apo 100x objective,
is capable of obtaining 512 × 512 pixel images at a rate of 15 fps, close to the video rate. For rapid
acquisition of 3D stacks of confocal slices through the sample, we mount the objective on a piezo-z
stage. With this stage, a collection of 100 slices, separated by 0.3 μm takes only several seconds.
At this high data acquisition rate, the diffusion of particles, even for the low density samples, does
not matter for structure determination. The lateral digital resolution is set to 0.12 μm/pixel, which
is close to the optical resolution of our setup. Our particle tracking codes [3,4,7,48] are based on
the PLuTARC implementation [23,49] of the Crocker and Grier algorithm [33] for tracking of the
simple spheres. In current work, we find the particle centers within each (quasi-) two-dimensional
confocal slice. The results for the spherical PCPMMA are then obtained as an average over many
such slices. Structural metrics obtained by this simpler two-dimensional analysis were demonstrated,
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under similar experimental settings, to almost overlap with data obtained by a full three-dimensional
confocal reconstruction [7,35]. The volume fraction of the colloids in the fluids is determined as
φ = [σ

√
π/4AV ]

3, where AV is the Voronoi area of a particle, as measured by confocal microscopy,
and σ is the particle diameter.

4. Conclusions

We synthesize photo-crosslinkable PMMA (PCPMMA) colloidal spheres and characterize the size
and the size distribution of these particles by SEM and DLS, as well as by the recently-developed [19]
ConDDM technique. While an identical particle size is obtained by both DLS and ConDDM, the size
obtained by SEM is smaller by ~10%, indicative of particle swelling in organic solvents. We measure
the g(r) in dense fluids of PCPMMA spheres and invert these g(r) to obtain the pair potential U(r).
Interestingly, the pair potential is demonstrated to incorporate both soft repulsive (probably Coulombic)
and attractive (probably, electrostatic-dipolar [22]) contributions. We employ ConDDM measurements
to characterize the short-time dynamics in these fluids, for a range of different fluctuation wavelengths.
These measurements show the same qualitative behavior as for the hard PMMA spheres. However,
the quantitative behavior of the φ-dependencies is very different, possibly due to the softer and more
complex U(r) of our particles. Finally, we demonstrate that the PCPMMA spheres can be stretched and
fluorescently-labeled by the swelling/deswelling method, in the stretched state. The stained particles
allowed a suspension of bright fluorescent ellipsoids to be formed and imaged by confocal microscopy.
Future studies of PCPMMA ellipsoids should allow their sterically-stabilizing PHSA monolayers to be
replenished, opening a wide range of new directions for fundamental and application-oriented studies
in colloidal science.
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Appendix A. PCPMMA Ellipsoids: Preliminary Determination of the Fluid Structure

To reconstruct the structure of a fluid of PCPMMA ellipsoids, we detect the location of each particle
in confocal slices through the sample. These locations, for a three-dimensional stack of slices through
the sample, are then linked together, as described elsewhere [7]. Thus, the full three-dimensional
position of the center of each particle is located; notethat this is a more advanced reconstruction
procedure than the two-dimensional one, which is described in the main part of the paper. We use
these positions to carry out a Voronoi tesselation of the sample [7]. For the Voronoi volume of a
particle being VV and its hard volume being vp, the local volume fraction of the particle is φL = vp/VV .
We obtain the distribution of φL values across the whole sample. The location of the peak of this
distribution corresponds to the volume fraction φ of the ellipsoids in the fluid.

In order to quantify the local structure of the fluid of prolate PCPMMA ellipsoids at φ = 0.11,
we obtain the radial distribution function g(r); a similar function was used in the main text for the
fluids of spheres. The radial distribution is shown in Figure A1 (open circles), where b is the short
axis of the ellipsoids. Our particles do not interpenetrate; thus, g(r) must be zero for r < b. However,
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an accurate tracking of the very small ellipsoids employed in the current work is challenging, so that
the g(r) exhibits small non-zero values in this range of r (see Figure A1). Ellipsoids of a larger size will
be employed in the future, completely eliminating these technical issues [7].

We note that the current data are described reasonably well by a theoretical model of hard
ellipsoids (described elsewhere [4,7]), provided that all axes of the particles are inflated by ~0.3 μm
and φ is rescaled accordingly (red curve in Figure A1). A slightly smaller inflation (0.23 μm) has been
previously [4] used for a fluid of common (non-photocrosslinkable) PMMA ellipsoids in a similar
solvent. The slightly increased inflation of the current particles, which are also much smaller, indicates
that the interparticle potentials in PCPMMA are more complex than with the common PMMA, where
the inflation matched the estimated Debye length of the solvent. More detailed studies of the fluids of
PCPMMA ellipsoids are currently underway.

Figure A1. Experimental (open circles), radial distribution function g(r) of a fluid of PCPMMA
ellipsoids, at φ = 0.11. The r-values of the experimental data are normalized by the minor axis of
the ellipsoids b, which have been inflated to account for the non-hard interactions, as described in
the text. The red curve is the theoretical g(r) of a fluid of hard ellipsoids, based on the Percus–Yevick
approximation and fully described elsewhere [4,7].
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Figure A2. The experimentally-determined spectrum of the mercury–xenon UV lamp employed for
the polymerization procedures. Main panel: short wavelength part of the spectrum, dominated by the
Hg peaks. Inset: long wavelength part of the spectrum, dominated by the Xe peaks.
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Abstract: We demonstrate experimentally that a phase-separating host solvent can be used to organize
colloidal rods into different cluster and network states. The rods are silica sphero-cylinders which are
preferentially wet by the water-rich phase of an oil–water binary liquid system. By beginning with
the rods dispersed in the single-fluid phase and then varying the temperature to enter the demixed
regime, a precisely chosen volume of water-rich phase can be created. We then show how this can be
used to create independent clusters of rods, a percolating network, a network of clusters or a system
that undergoes hindered phase separation. These different modes are selected by choosing the
relative volumes of the rods and the water-rich phase and by the timing of the temperature change.

Keywords: colloid; wetting; capillarity

1. Introduction

Non-spherical colloids move, assemble, and percolate differently compared to standard spherical
particles [1–3]. Because many natural and synthetic particles, e.g., mineral particles, bacteria, viruses,
graphene, carbon nanotubes and fibres are non-spherical, understanding and controlling the new
behaviour is valuable [4]. Much has already been achieved by tuning mutual interactions via surface
charge or the addition of depletants [5]. Less explored is the approach of organizing non-spherical
particles using a phase transition in the host solvent. Low concentrations of rods or platelets can
be corralled into a percolating arrangement driven by the phase-separation kinetics. Here, we are
considering the host solvent to be a binary mixture of polymers or low molecular weight liquids.
The corral is created by the preferred fluid domain or by the interface between the two fluids. Interfacial
trapping requires considerable control over the wettability of the colloids [6,7]; by contrast, confining
rods or platelets to one of the fluid domains should be more straightforward.

We focus here on colloidal sphero-cylinders as model rod-shaped particles; we are interested
in their behaviour as they are forced into a confining volume of solvent. Onsager showed that
a population of rods of aspect ratio, A, will exhibit a nematic phase for volume fractions, Φons, above
Φons A = 3.29 due to the combined effect of the decrease in entropy when the rods align and the
excluded volume associated with the relative orientation of the rods. This threshold is valid even
down to modest aspect ratios [8,9]. As the volume fraction of rods is further increased, we expect to
find [10,11] the maximum for amorphous packing, Φa, to be described by Φa A = 5.1 and the maximum
for ordered packing, Φmax, at

Φmax =

(
π√
27

+
π√
12

A
)

/

(√
2
3
+ A

)
≈ 0.6 + 0.9A

0.8 + A
. (1)
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At quite low volume fractions, a fine network of ‘sticky’ sphero-cylinders can form and percolate
across the sample. A homogeneous network is a random collection of evenly distributed rods, whereas
a heterogeneous network is comprised of ramified clusters with a fractal appearance. For volume
fractions, Φp, less than Φp A ≈ 0.7, the network will need to be heterogeneous in order to percolate [12].

Computer simulations by Peng et al. first demonstrated that a percolating arrangement of
rod-shaped particles could be formed during a demixing process [13]. The rods were preferentially
wet by the minority phase and had highly anisotropic interactions; the resulting networks had
enhanced mechanical and electrical properties [14]. Hore and Laradji modeled the behaviour of purely
repulsive colloidal rods which also partitioned into a single domain during phase separation [15].
They found that the phase separation process could be dramatically slowed; although arrest in
a percolating structure was not observed for the compositions studied on the timescale of the
simulations. Experimentally, it has been possible to create a percolating arrangement of nano-rods
in a phase-separating polymer mixture. For sufficiently high concentrations of ‘sticky’ nanoparticles,
Li et al. found that a continuous percolating domain of rods formed during phase separation [16].
More recently, Xavier and Bose studied the behaviour of multi-walled carbon nanotubes in a phase
separating polymer mixture [17]. At the low concentrations employed, the kinetics were strongly
modified but the system underwent complete separation.

The purpose of this Communication is to demonstrate that phase separation (see Figure 1a,b) can
be used to organize anisotropic particles which preferentially partition into one of the phases. To do
this, we carry out experiments using dispersions of colloidal rods (see Figure 1c) in a partially miscible
host solvent. We find that a percolating network forms from a small quantity of rods provided that the
volume fraction, Φv, of rods in the water-rich phase exceeds 66%. At significantly lower Φv, the rods
form isolated clusters, following phase separation, that rapidly sediment to the base of the vial. If Φv

is only slightly below the 66% threshold, then the system becomes exquisitely sensitive to the quench
route. Finally, slowly but decisively destabilizing the percolating network leads to a sudden transition
from a collapsing network to hindered phase separation. We show that the different outcomes can be
precisely controlled.
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Figure 1. Showing how phase separating water and 1-propoxy-2-propanol can be used to create
different phase volumes by controlling the depth of the temperature quench. (a) Our partially miscible
solvents exhibit a lower critical solution temperature; (b) the temperature step into the demixed region
can be used to control the volume of the minority phase, here the water-rich phase; (c) We use colloids
shaped like sphero-cylinders, scale bar 1 μm; (d,e) The colloids, shown in yellow, are dispersed at low
temperature below the binodal line; see red d in (a), where the liquids are mixed. On warming the
samples, the liquids demix and the colloids are confined within the minority phase; see red e in (a).
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2. Results and Discussion

First we describe experiments using the lowest volume fractions of rods, Figure 1c. The sample is
quenched from room temperature to 46 ◦C by submerging it in a thermostated water bath. The choice
of liquids and particles is outlined in Materials and Methods, below. Inside the vial [18], the sample
changes temperature at a rate of 1 ◦C/s. This shallow quench leads to liquid–liquid phase separation
and the formation of 1 vol. % of water-rich phase (see Figure 2a). If 0.1 vol. % of rods are added to
the sample at the beginning of the experiment, then the liquids separate by nucleation and growth
and the rods are observed in the droplets after the transition (see Figure 1d,e). The silica surfaces
are coated with silanol groups and a layer of physically bound water; it is no surprise that they are
hydrophilic [19]. The water-rich phase is the more dense and so the rod-filled droplets eventually
collect at the base of the vial. Qualitatively, the same thing is observed when 0.5 vol. % of rods
are used. Immediately following the quench, the sample appears macroscopically homogeneous;
however, within 2 h, all of the clusters of particles have sedimented to the base of the vial. This sample
composition gives a volume fraction of Φv ≈ 33% in the water-rich phase, Figure 2b. It is perhaps
surprising that we observe little that is special due to the shape of the particles in this regime given
that the 0.5 vol. % sample should be approaching the isotropic to nematic transition during the phase
separation process (Φons = 34%).

Maintaining the same quench depth (i.e., to 46 ◦C) but raising the volume fraction of rods to
2 vol. % yields entirely different behaviour. Superficially, following the quench, the sample again appears
macroscopically homogeneous. Now, however, on tipping it becomes immediately obvious that the
sample has a solid-like character, Figure 2a,c. Evidently, the combination of phase separation and the 2 vol.
% of colloidal particles (Φv ≈ 67%) are conveying a yield stress to the sample. Microscopic observations,
Figure 2c, reveal a fine network of colloidal rods which percolate across the sample. There are no obvious
droplets of water-rich phase; instead, the solvent appears to tightly envelop the particles. This is very
similar to the case of gels held together by capillary bridges [20,21]. This phenomena has also been
studied using rods and fully immiscible liquids [22]; no network formation was found in that case.
With our rods and partially miscible fluids, we find that the system’s attempt to lower the liquid–liquid
interfacial area leads to significant effective attractions between the rods. It is well known that such
attractive interactions greatly enhance the likelihood of percolation [23].

Networks formed from colloidal rods and nanotubes have been categorized as homogeneous or
heterogeneous depending on whether the components are evenly distributed [12,23]. The micrographs
show a ‘spikey’ network with some strands much longer than the individual rods, Figure 2c;
qualitatively, this is consistent with the idea of a heterogeneous network. Quantitatively, we expect
that our rods will only be able to percolate at volume fractions below Φp ≈ 7% via the formation of
a heterogeneous network [12]. Because the combined volume of the water-rich phase and particles
make up 3 vol. % of the sample, this is consistent. Within the water-rich phase, the volume fraction
of rods is larger than that expected for the highest density amorphous packing, Φa ≈ 50%. Hence,
we anticipate that the liquid domain has pulled the particles together in a disordered arrangement of
a liquid envelope combined with capillary bridges, Figure 2a,b. The latter are responsible for giving
the network its strength.
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Figure 2. Showing how different concentrations of rods lead to radically different behaviour. (a) Images
and cartoons of samples with rod volume fractions which are smaller and significantly larger than
the volume of the minority phase; (b) The variation of the minority phase volume as a function of
temperature compared to the volume of rods in the two cases of interest; (c) Image of a sample with
2% rods as it is tipped. There are indications that flow is resisted. The confocal micrograph shows the
internal network formed by the rods, scale bar 50 μm.

We now increase the depth of the quench, finishing at a temperature of 48 ◦C, while keeping the
volume fraction of rods at 2 vol. % and we show how the behaviour depends on the timing of the
temperature changes. Increasing the final temperature increases the volume of the water-rich phase,
here to 2 vol. %. Macroscopically, the sample is initially homogeneous; however, within an hour, it has
sedimented slightly and it is clearly non-uniform, Figure 3b. Microscopically, the network now looks
quite different to the one formed by the same quantity of particles in a quench to 46 ◦C. The strands
of the network are thicker and there are significant gaps between different sections of the network,
Figure 3e,f. For comparison, we now take a sample of identical composition to 48 ◦C by a different
route. We first quench the sample to 46 ◦C to form a stable network and then it is warmed in the
bath to 48 ◦C. The stable network, Figure 3a left panel, macroscopically sags and collapses noticeably
under its own weight, Figure 3a right panel. The changes on the microscopic scale are much less
significant compared to the alternative heating route: some bright droplets are evident and some
narrow network threads may have broken, Figure 3d. Evidently, reducing the volume fraction of rods
within the water-rich phase to Φv ≈ 50% has prevented the composite from forming a stable network
without first sedimenting.

The relationship between sedimentation and aggregation has been considered by Allain et al. [24].
For a sufficiently high concentration of attractive particles, they demonstrate that a percolating network
will form without settling due to gravity, i.e., aggregation will beat sedimentation. This is reminiscent
of the situation for 2 vol. % of rods quenched to 46 ◦C. For a lower concentration of particles, the
relative importance of sedimentation and aggregation is more finely balanced. They show that, initially,
clusters of attractive particles will form that will not percolate; instead, the clusters will sediment
and eventually form a percolating network of clusters which will not occupy the sample to the
top [24]. This seems to accurately capture the behaviour of 2 vol. % of rods quenched directly to
48 ◦C. The significantly different appearance of the network is consistent with pre-formed clusters of
rods having subsequently connected to span the sample. The boundary between network formation
and cluster formation has been probed in detail for spherical particles and fully immiscible liquids
by Heidlebaugh et al. [25]. In our experiments, these two scenarios have been observed for identical
concentrations of particles but different volumes of the water-rich phase. The very different behaviour
of these two systems is driven by the fact that a quench to 48 ◦C creates a larger volume water-rich
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phase which allows the rods to reorganize. The rods first make contact and then align in bundles and
it is these bundles that are tightly enough enveloped in the water-rich phase to be ‘sticky’. The bundles
cluster, sediment and eventually form the network of clusters. This creates an effective change in the
particle concentration. The change in thickness of the network strands is visible in Figure 3e,f.

(a)

(d) (e) (f)

(b) (c)

t=0 t=0t=1h t=1h

46°C 48°C 48°C (direct) 50°C (direct)

Figure 3. (a) Sample of 2 vol. % rods (left panel) first immersed in a water bath at 46 ◦C, and
subsequently (right panel) slowly heated in the water bath to 48 ◦C; (b) Sample of 2 vol. % rods
immersed in a water bath at, 48 ◦C, (left panel) immediately, and (right panel) one hour after immersion;
(c) Sample of 2 vol. % rods immersed in a water bath at 50 ◦C, (left panel) immediately, and (right
panel) one hour after immersion; (d–f) Confocal laser scanning microscopy images taken at 48 ◦C of
samples shown in (a) confocal image (d) and (b) confocal images (e,f). Note changes in the 100 μm
scale bars.

Finally, we demonstrate that a sharp transition occurs when there is a very significant rise in the
water-rich phase volume, Figure 4. Here, an initial stable network has been created by quenching
2 vol. % rods into the demixed regime. This network is then steadily destabilized by gentle warming.
In Figure 4a, the self-supporting network is seen to steadily collapse as the volume of the water-rich
phase is increased. Ultimately, only a water-rich phase, densely packed with rods, remains at the base of
the vial. Microscopically, we begin to see small local changes to the network as it is warmed, Figure 4b
panels 2–3. Small bright droplets become increasingly prevalent and the mesh size of the network
increases noticeably. Approaching Φv ≈ 30% there is a sudden change where the network is replaced
by a large fluid domain. From this point onwards, the two liquid/particle system now resembles
a conventional phase separation, Figure 4b panel 6. As predicted using computer simulations [15],
the coarsening of the domain pattern is extremely slow due to the presence of the rods.

The sudden change from network to rod-filled liquid domain, Figure 4, is a consequence of the
change in the rod–rod interactions. For networks formed from Φv > 66%, there are no rearrangements;
the structure is self-supporting and robust. It appears that the water-rich phase envelope around the
rods is responsible for strong, short-range attractions which are akin to the effect of a primary minimum
in the interaction potential. We believe that the junctions between rods have some resemblance to
capillary bridges [20,21]; although, our system is quite different because the rods are fully coated with
the water-rich phase. Once the water-rich phase volume increases, the apparent strong attractions
no longer control the system and a liquid domain filled with rods then emerges. The flow and
accompanying slow coarsening only begin once the dominance of capillarity has ended.
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Figure 4. (a) A sample (2 vol. % rods) quenched to 45.5 ◦C, Φv ≈ 80%, was then slowly heated to
52 ◦C, Φv ≈ 30%; (b) A time series of confocal micrographs showing (panel 1) the structure of a similar
sample at 48 ◦C, which is subsequently heated (panels 2–5) to 51 ◦C. The bottom right panel is a lower
magnification image of the structure in panel 5. All scale bars 100 μm.

3. Materials and Methods

The binary fluid system used here is a mixture of water and 1-propoxy-2-propanol (PGPE),
Figure 1a [26]. The rods are prepared by a multi-step route [27] that yields hollow cylinders of length
3.5 μm, aspect ratio A = 9.7 with σA = 16%. To begin with, the rods are dispersed in the single-fluid
phase at room temperature, typically with a volume fraction in the range 0.5–2%. Away from the phase
boundary, the rods remain well dispersed demonstrating that they repel one another in the single-fluid
phase. Over a period of 24 h, the rods sediment to the base of the vial; our experiments are usually
carried out within 2 h unless otherwise mentioned above and hence are not greatly affected. It is
important to note that the behaviour is very different close to the phase boundary. We have previously
studied this in some detail [28] and we avoid this region here. In the experiments described above,
all samples contain 30 wt % water in PGPE; we study the behaviour of the rods after quenching to
different depths in the two-fluid phase via a change in temperature. Using the Lever rule, the change
in temperature can be converted into a volume fraction of water-rich phase (see Figure 1b). This is the
phase into which the rods always partition.

4. Conclusions

To conclude, we have shown that a well-controlled volume of the water-rich phase, created via
demixing, can direct the organization of colloidal rods to form different structures and domains. While
the water-rich phase in our experiments never occupies more than a few percent of the total sample
volume, the concentration of rods within this phase can become very high. This creates effective
attractive interactions between the rods leading to the formation of clusters, networks, networks of
clusters and phase separating domains as the concentration is varied. Hence we have demonstrated
that phase separation can be used to organize anisotropic particles which preferentially partition into
one of the domains. Being able to trigger clustering, network formation, etc., via a sudden change
in temperature and the relative insensitivity to the precise wetting properties of the particles are the
strengths of this approach.
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Abstract: Dynamic and reversible polymer networks capable of self-healing, i.e., restoring their
mechanical properties after deformation and failure, are gaining increasing research interest, as there
is a continuous need towards extending the lifetime and improving the safety and performance
of materials particularly in biomedical applications. Hydrogels are versatile materials that may
allow self-healing through a variety of covalent and non-covalent bonding strategies. The structural
recovery of physical gels has long been a topic of interest in soft materials physics and various
supramolecular interactions can induce this kind of recovery. This review highlights the non-covalent
strategies of building self-repairing hydrogels and the characterization of their mechanical properties.
Potential applications and future prospects of these materials are also discussed.

Keywords: hydrogels; self-healing; supramolecular materials; non-covalent interactions; dynamic
cross-links; physical gels; transient networks; mechanical failure and recovery; self-assembly;
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1. Introduction

Hydrogels are soft solids or solid-like materials that immobilize a large amount of water in
a three-dimensional (3D) network held together by covalent bonds, non-covalent or topological
interactions [1–4]. These materials are appealing to various applications especially in biology and
medicine owing to their compositional and structural versatility that allows introducing responsiveness
to external stimuli and adapting them to biological interfaces, high water content and physical
properties that are similar to soft tissues or at nanoscale, similar to extracellular matrix [5–13]. Some of
the applications of hydrogels in (bio)medical fields include sensors [14–17], actuators [18,19], device
coatings [20–22], wound dressings and adhesives [23–25], liquid-absorbing hygiene products [26],
delivery vehicles for active compounds or cells [27–30], soft contact lenses [31–33], and matrices and
implants in tissue engineering and regenerative medicine [34–37].

There is a continuous need towards extending the lifetime, improving the safety, and enhancing
the performance of both soft and hard materials. Mechanical deformation may lead to micro- or
macroscale cracks, leading to gradual deterioration or sudden loss of mechanical properties [38,39].
One strategy to improve the performance and extend the lifetime of gels is to introduce self-healing
ability, that is, a capacity to restore the initial properties after material failure, using dynamic
and reversible linkages [39–45]. A visual demonstration of the self-healing of a hydrogel is
shown in Figure 1. The dynamic linkages can be based on reversible covalent chemical bonds,
formed for example by Diels-Alder reaction [46–50], disulfide [51–53], imine [54,55], oxime [56], or
acylhydrazone [50,52] formation, photocrosslinking [57], radical reactions [58,59], or phenylboronate
complexation [60–62], and these have been highlighted in several reviews. Dynamic linkages can also
be based on supramolecular non-covalent (physical) interactions, such as crystallization, hydrogen
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bonds, host-guest, hydrophobic or polymer-nanocomposite interactions, or multiple combined
interactions. Some of these non-covalent networks can be built from pre-formed colloidal systems,
such as liposomes or mixed micelles.

 

Figure 1. Visual evidence of self-healing of a supramolecular hydrogel through non-covalent host-guest
interactions between β-cyclodextrin- and bile acid-bearing polymers: (I) initial hydrogel sample;
(II) sliced sample; (III) sliced sample rejoined for healing; and (IV) self-healed sample. Reprinted
from [63] with permission. Copyright 2016 American Chemical Society.

Physical transient gels are considered as a model system in soft materials physics with their
well-defined structural properties, ease of preparation, and relatively simple linear rheological
behavior, although their non-linear rheological response can be highly complex [38]. Recent reviews
have focused on hard and/or chemically crosslinked self-healing materials [41,43,45,48,64] or on
certain classes of supramolecular polymers, such as hydrogen-bonded or metal-ligand-coordinated
systems [40,42,44,65–67]. Wang and Heilshorn [68] highlighted the potential of adaptable hydrogels
in cell encapsulation. As non-covalently crosslinked gels often show rapid structure recovery, they
are gaining increasing interest in injectable and extrudable systems used in therapeutic delivery or
additive manufacturing (3D printing). These applications require the knowledge of the precise
recovery rate and mechanical properties of the gels. For example, the tailored elasticity of the
extracellular matrix-mimicking hydrogels as bio-inks is crucial for the cell differentiation and survival,
while injectable gels should have sufficient strength after structure recovery to hold them in place.
These reviews have emphasized the chemistry for the making of the physical gels rather than their
resulting physical properties. The self-healing phenomenon is mostly based on visual demonstrations.
Further understanding of the relation of the design, structure, and properties is in the call for new
developments in this area. We attempt to fill this gap by presenting the preparation strategies in
relation to the mechanical properties of the self-healing gels through examples along with a review
of the methods used for mechanical testing of self-healing characteristics. We will then discuss the
potential applications where gel strength and fast recovery play an important role and present the
future prospects of reversible physical gels.

2. Characterization of the Self-Healing Behavior

The term “self-healing” has been used to describe various structure recovery processes of
hydrogels, where the gels revert to their original state and recover the mechanical strength completely
or partially after the deformation or fracture. The gelation and structure recovery can take place via
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different interactions and self-assembling processes. The viscoelastic properties of physical networks
are determined by the number and lifetime of crosslinks, and these further affect the kinetics of the
self-repair [69,70]. In addition to macroscopic healing, transient chain association causes temporal
evolution of microscopic topology, leading to changes in mechanical properties [71]. Therefore, both
macroscopic rheology and microscopic fluorescence results have been used as a basis for theoretical
models that aim at quantitative prediction of chain association dynamics in physical networks [69–71].

Common experimental methods to characterize the self-healing behavior of hydrogels include:

‚ Visual observation. Freshly cut or damaged pieces of a hydrogel are brought in contact and their
rejoining to form a uniform gel is followed both visually and using a simple qualitative mechanical
deformation, that is, stretching or bending the sample. Examples are shown in Figure 1 and in
several figures below. Visual observation can be accompanied by microscopic imaging techniques
(confocal, scanning electron microscopy SEM) to reveal the micro- or nanoscale structure recovery.

‚ Oscillatory rheology: Step strain measurement. After determining the yield stress/strain and the
recovery time of the gel sample, the gel will be exposed to strain that alternates periodically
between low (structure conservation or recovery) and high values (structure breaking) at constant
oscillation frequency. This test allows for the quantitative determination of equilibrium moduli
and the extent of structure recovery (recovery rate). Several examples of step strain tests will be
shown in Section 3.

‚ Cyclic compression/tensile testing. Self-healing of hydrogels can be tested by cyclic compression or
tensile tests, each cycle followed by a recovery period. The changes in stress/strain curves and
fracture point or in initial compressive modulus give information on the recovery of ruptured
crosslinks. Tensile tests can be used to quantify the self-healing efficiency after joining the fractured
surfaces of a ruptured hydrogel by comparing the elongation at break for an intact and re-joint
hydrogel. Figure 2 shows an example of a compression test of a physically crosslinked hydrogel
and a hybrid gel with combined chemical and physical crosslinking, as well as the compression
and elongation curves for a physically crosslinked gel (no chemical crosslinker). Here, the nominal
stress σnom is the force per cross-sectional area of the un-deformed gel specimen and the strain
is represented by λ, the deformation ratio (deformed length/initial length). The hysteresis in
the compression and elongation curves indicates the decreased number of crosslinks and thus,
reduced structure recovery over the deformation cycles [72].

One of the challenges of physically crosslinked gels is optimizing the strength and self-healing
properties, as the rigidity of gels limits the chain diffusion to the damaged site. Despite the versatility
of supramolecular hydrogels, they suffer from relatively low storage moduli (G1 in Pa–kPa range)
and so far, combining them with reversible or irreversible covalent networks or harder domains has
provided the best mechanical strength. For example, a single component PVA hydrogel with H-bonded
crystalline domains could reach a fracture stress of ~280 kPa initially and ~200 kPa after 48 h healing
(72% of original strength) [73], and nanocomposite gels of hydrophobically modified polyacrylamide
and graphene oxide (GO) could achieve tensile stress of 243 kPa, but the recovery rate was low, 44%.
For comparison, the same gel without the reinforcing GO showed a tensile strength of 52 kPa [74].
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(A)

 
(B)

Figure 2. (A) Photographs of the physical (molar ratio of chemical crosslinker vs. monomer X = 0) and
hybrid gels with combined chemical and physical crosslinking (X = 0.005) during the compression
tests. The physical gel remains deformed after removal of the stress (top-right image); (B) Nominal
stress σnom vs. deformation ratio λ curves from cyclic elongation (left) and compression tests (right)
for a physically crosslinked gel (X = 0). Reprinted from [72] with permission, Copyright 2016 Elsevier.

3. Preparation Strategies

3.1. Hydrophobic Interactions

Hydrophobicity gives rise to unusual properties of aqueous solutions of nonpolar compounds
and plays a key role in a variety of chemical and biophysical phenomena, such as protein folding or
self-assembly of amphiphiles into micelles and membranes [75]. Hydrophobic interactions are different
from other noncovalent interactions as they do not depend on direct intermolecular attraction between
interacting species but are rather driven by the tendency of water molecules to retain their H-bonded
network intact around a nonpolar solute, altered by increased temperature, the presence of cosolutes,
and size and curvature of nonpolar species [76]. Resulting molecular rearrangement can lead to
complex colloidal behavior of amphiphilic molecules in aqueous solutions. Polymer-based hydrogels
formed through hydrophobic interactions can be made by introducing hydrophobic sequences within
or in the ends of hydrophilic polymer chains [77]. The transient network formation through interchain
interactions depends on polymer concentration, fraction of hydrophobic moieties, and polymer
architecture [77–79]. Such non-covalent hydrogels may exhibit self-healing capacity owing to the
dynamic and reversible nature of the junctions [80].

Self-healing associating networks of hydrophobically modified water-soluble polymers have
been made by micellar copolymerization of (1) hydrophilic comonomers, such as acrylic acid (AAc),
acrylamide (AAm) or N-alkylacrylamides (N,N-dimethylacrylamide, N-isopropylacrylamide); with (2)
large hydrophobic monomers, such as stearyl methacrylate (C18) [80–84], dococyl acrylate (C22) [81];
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octylphenyl polyethoxyether acrylate [85] in the presence of (3) a surfactant (sodium dodecyl sulfate
SDS, cetyltrimethyl ammonium bromide CTAB) and depending on the hydrophobe; (4) salt (NaCl,
NaBr) or a cosurfactant. Micellar radical copolymerization in aqueous solution is a common technique
for the synthesis of associative copolymers. However, unlike smaller hydrophobic N-alkylacrylamides
or N-alkyl(meth)acrylates (C4–C12), long-chain alkyl(meth)acrylates have very low water-solubility.
The addition of sufficient amount of salt or cosurfactant induces the growth and/or morphological
transition of surfactant micelles. Larger micelles can then solubilize a high amount of hydrophobes,
whereupon they can grow further (catanionic CTAB-SDS system) or adopt a different morphology
(SDS-NaCl system) for thermodynamic feasibility [81,82]. C18- and C22-acrylamide copolymer gels
with a SDS-NaCl system reached final elastic modulus G1 of around 1 kPa at 1 Hz and tan δ of 0.5–0.9,
monitored with a rotational rheometer during the polymerization.

Okay group found that after the copolymerization, the hydrogels became mechanically stronger
upon swelling and extraction of surfactant micelles, as the hydrophobic interactions became enhanced
without surfactant [81]. The tensile strength of a C18-acrylamide copolymer gel increased from
12 ˘ 1 kPa to 78 ˘ 6 kPa after the removal of SDS micelles by equilibrium swelling in water, but at the
same time the elongation at break decreased from 2200% ˘ 350% to 650% ˘ 80%, indicating increased
stiffness of the gel. At the same time, the gels lost their ability to self-heal because of longer lifetimes of
hydrophobic associations. The self-healing property was tested by a tensile strength test on a series
of hydrogel samples before and after joining the fractured surfaces of ruptured gels. The results
indicate that the self-healing capacity of hydrophobically modified PAAm gels requires the presence of
hydrophobe-solubilizing surfactant micelles [81] and possibly a charged comonomer for electrostatic
trapping of oppositely charged micelles, such as AAc for trapping mixed micelles of C18 and CTAB
(Figure 3) [80,84]. The self-healing efficiency increases with decreasing lifetime of dynamic crosslinks
due to favorable chain diffusion across the fractured surfaces. Therefore, improving the gel strength
by enchancing the hydrophobic interactions or even combining physical and covalent crosslinking
(hybrid gels) [72], takes a toll on the self-healing capacity and balancing these two characteristics is
important in optimizing the gel performance.

 

Figure 3. (A,B) Cartoon showing the cross-link in self-healing hydrophobically modified poly(acrylic
acid) (PAAc) hydrogels; (C) Image of a PAAc hydrogel sample in the form of a sphere in equilibrium
with water. The mixed micelles consist of stearyl methacrylate (C18) and CTAB in aqueous NaBr
solution. Reprinted with permission from [80]. Copyright 2016 American Chemical Society.

Another method for preparing a hydrophobically associated self-healing hydrogel is introducing
reversible network junctions through liposomes that can anchor the hydrophobic moieties of
(co)polymers into their bilayer. As liposomes have found clinical applications as drug carriers [86],
their delivery to a specific site in the body could be achieved via injectable, rapidly self-healing
hydrogels. Mixing a telechelic cholesterol (Chol) end group-bearing poly(ethylene glycol) (PEG)
with dimethyldioctadecylammonium bromide (DODAB) liposomes resulted in an elastic self-healing
gel where Chol-PEG-Chol acted as a dynamic crosslinker between the liposomes (Figure 4) [87].
High liposome concentration and low temperature favored the network formation through higher
probability of bridging and lower mobility of Chol groups into and out of liposome bilayers,
respectively. The plateau modulus G0 at high oscillatory frequencies in rheological experiments
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showed a crosslinker concentration (C) dependence of G0~C4.3 (vs. ~C2.25 of Cates model for living
polymers and flexible wormlike micelles), which suggests that the interactions between the liposome
and crosslinker are more complex than those in a simple polymer network. The highest Chol-PEG-Chol
concentration (6% w/v) gave G0 of 5.5 kPa. The gels showed instantaneous self-healing after subjecting
them to low stress (yield stress 59 Pa at C = 3% w/v), which is assigned to the re-insertion of Chol
groups into liposomes after stress-induced breaking of Chol-PEG-Chol bridges. This gives promise to
applications in injectable drug delivery systems and 3D tissue engineering scaffolds [87]. However, the
observed body temperature-induced softening of the gel may limit its medical applications and further
tuning of the gel strength may be required.

 
(A) 

(B) 

Figure 4. (A) Schematic illustration of liposome gel. Cholesterol end groups of Chol-PEG-Chol were
embedded in the liposome bilayers, forming bridge, loop or dangling; (B) Evolution of storage G1 (˝)
and loss modulus G” (�) of liposome gel with time following two successive pulses of high deformation
(solid line). Reprinted with permission from [87]. Copyright 2016 Elsevier.

3.2. Host-Guest Interactions

Host-guest interactions represent specific non-covalent interactions that are based on selective
inclusion complexation between macrocyclic hosts, such as cucurbit[n]urils, cyclodextrins, crown
ethers, calix[n]arenes, resorcinarenes, and pillar[n]arenes, and smaller guest molecules [42,88–90].
Although the size of the cavity and portal of a host molecule are good predictors of binding,
the selectivity of a host towards a guest goes beyond a simple hole-fitting concept, as solvent
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effects, multiple binding sites or secondary interactions can be involved [90,91]. Self-healing
gels exploiting inclusion complexation can be built by (1) mixing host- and guest-equipped
polymers or (2) copolymerizing vinyl group-bearing pre-formed host-guest inclusion complexes
with comonomers [42,89]. Although all the macrocycles above show potential for building self-healing
gels, mainly cyclodextrins and cucurbit[n]urils have so far been used in fabricating hydrogels and will
be discussed more in detail below. Crown ether derivatives have been used to fabricate linear and
crosslinked supramolecular polymers owing to their affinity towards cationic species [88,92,93], but
self-healing has only been reported for organogels formed upon the complexation of polymer-bound
cationic guests by a bis(crown ether) [94] or crown-ether-bearing polymers by bis-ammonium
compounds [95].

3.2.1. Cyclodextrins

Cyclodextrins (CDs) are popular hosts in supramolecular chemistry owing their availability
and selectivity according to the cavity size (γ-CD > β-CD > α-CD), where hydrophobic and van der
Waals interactions between the inner surface of CD ring and hydrophobic guests of suitable size are
responsible for inclusion complexation [96,97]. Guest molecules can range from polar compounds
such as alcohols, acids, amines, and amino acids to less polar compounds such as linear and branched
alkyls, cycloalkanes, aromatic molecules, and steroidal compounds or even to polymeric molecules,
such as in the case of poly(pseudo)rotaxanes [98].

Following the first strategy of mixing two functionalized polymers, self-healing gels have
been prepared from CD-bearing polymers, such as poly(meth)acrylates, poly(N-alkyl)acrylamides,
poly(ethylene glycol) or poly(ethylene imine), and guests such as ferrocene [99–102], imidazole [103],
bromonaphthalene [104], and azobenzene [104]. Even larger guests can be bound, such as bile acids,
which are physiologically important steroidal compounds and thus, ideal building blocks for polymeric
biomaterials [105–108]. They can form inclusion complexes with β-CD and the complexation can be
inversed upon the addition of competing guest, potassium 1-adamantylcarboxylate [109]. Host-guest
complexation between poly(N,N-dimethylacrylamide) chains bearing either β-CD (8 mol%) or cholic
acid moieties (2 mol%) yielded self-healing hydrogels, which showed highest storage modulus G1 at 1:1
host guest ratio and high polymer concentrations (12.5 wt%). The gel elasticity was recovered rapidly
(in 30 s) after the shear-induced rupture of supramolecular crosslinks (Figure 5). The plateau modulus
G0 of 1:1 gels was ~10–1000 Pa at 6.5–12.5 wt% [63]. Another steroidal molecule, cholesterol (Chol), has
been used as a guest in self-healing gels based on the inclusion complexation between poly(L-glutamic
acid) (PLGA)-bound β-CD (48 mol%) and PLGA-b-PEG-b-PLGA triblock copolymer furnished with
pendent Chol groups (20 mol%) [110]. The healing time of these gels was 60 s, determined by oscillatory
step strain experiments, and high compressive modulus (46 kPa) was obtained with a high-molar-mass
linker with long PLGA blocks (~30 kDa). The gels showed good biocompatibility and slow degradation
of up to 72 days in vitro at 37 ˝C [110].

Self-healing can also be achieved through reversible polypseudorotaxane formation, which
involves binding of a polymer chain inside several polymer-bound macrocyclic hosts. Complexation
between β-CD-grafted alginate (Alg-g-CD) and Pluronic® 108 yielded self-healing biocompatible and
degradable hydrogels (Figure 6), where multiple cyclodextrin hosts bound to the middle block of
Pluronic PEG-b-PPG-b-PEG triblock copolymer (PPG = poly(propylene glycol)) [111]. Rapid recovery
from shear (in 10 s) was observed and the gels remained stable over long periods of time (up to 5 days).
As Pluronic® 108 is thermosensitive, forming micelles at body temperature, the association of the
β-CD-bound block copolymer upon increasing temperature led to significant stiffening of gels and the
strongest gels showed elastic shear modulus G1 of 10–12 kPa at f = 10 Hz. The gels exhibited gradual
release of a globular protein of 66.5 kDa (bovine serum albumin, BSA) in vitro and thus, applications
as injectable delivery vehicles were proposed [111].
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(A) 

(B) 

Figure 5. (A) Structures of cholic acid- (left) and β-CD-bearing (right) poly(N,N-dimethylacrylamides),
P(DMA-CAM) and P(DMA-CDA), respectively; (B) G1 (squares) and G2 (circles) values of the
P(DMA-CAM-2%)/P(DMA-CDA) hydrogel (8.3 wt%) in continuous step strain measurements (25 ˝C).
Large strain (1000%) inverted the values G1 and G2 to give the sol state. G1 was recovered under
a small strain (10%) within 30 s. Reprinted with permission from [63]. Copyright 2016 American
Chemical Society.

 

Figure 6. Physical cross-linking between Alg-g-CD macromolecules and Pluronic® F108 (left) and the
thermo-response of the hydrogel network (right). Pluronic® F108 forms micelles and self-cross-links at
body temperature. β-CD (host) conjugated onto the alginate backbone (Alg-g-CD) formed a physically
cross-linked supramolecular inclusion complex with the guest, the PPG block (green) of Pluronic®

F108. Reprinted with permission from [111]. Copyright 2016 American Chemical Society.
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The host and guest moieties can also coexist in the same polymer. Harada group prepared a
series of tough and flexible self-healing gels from a variety of polyacrylamides and polyacrylates,
where β-CD and adamantane were side groups of the same polymer chain, leading to interpolymer
interactions and thus crosslinking [112]. High host and guest content in the same chain led to poorer
mechanical properties through the heterogeneity of the resulting network. The polymers showed
potential as self-healing coatings in the dry state, where healing through supramolecular interactions
could be induced upon exposing the damaged area to water that acts as a plasticizer and increases
the mobility of the polymer chains. The synthetic approach was taken even further in redox-sensitive
self-healing gels based on polyacrylamides furnished with the abovementioned β-CD and Ad units
as well as a ferrocene side group, which can be bound to β-CD in its reduced state but expelled in
oxidized form (Figure 7) [113]. The strongest gels based on β-CD-Ad-Fc-PNIPAAm achieved Young’s
modulus E of up to 20 kPa, obtained by tensile testing. Self-healing occurred in both oxidized and
native states although the healing efficiency was lower for the oxidized gel. Here, the self-healing took
at least 2 h and 70% recovery ratio was achieved for native gel in >70 h. Oxidization also led to gel
swelling due to reduced crosslinking density. Interestingly, the gels showed also a shape memory effect
based on the release of Fc upon oxidation and rebinding to a new β-CD site upon reduction [113].

(A) (B) 

Figure 7. (A) Structures of copolymers bearing β-CD, adamantane (Ad) and ferrocene (Fc) in the
same chain; x, y and z indicate mol% of respective units in the chain; (B) Self-healing properties of
a poly(N-isopropylacrylamide) copolymer (a) with Fc in reduced form; (b) Fc in oxidized form; and
(c) in the presence of competitive guest sodium adamantanecarboxylate (AdCANa). Reproduced with
permission from [113]. Copyright 2016 John Wiley and Sons.

Figure 8 presents an example of the second type of preparation strategy for self-healing
supramolecular gels, where host-guest complexes are formed prior to the copolymerization of host
(α-CD or β-CD) and guest (adamantane, Ad or n-butyl, n-Bu) molecules that both bear polymerizable
vinyl groups [114].The aim was to improve the self-healing capacity upon preorganization of interacting
domains. Greater degree of self-repair was obtained with Ad guest (99% after 24 h, bound to β-CD)
than with n-Bu (74% after 24 h, bound to α-CD) and the elastic modulus G1 of β-CD-Ad gel was
100–1000 times higher than that of α-CD-nBu gel (680 kPa vs. 0.33 kPa). Self-healing of the former gel
could be prevented upon adding a competitive guest, sodium adamantanecarboxylate (AdCANa), or
free host, β-CD [114].
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Figure 8. Preparation of host-guest supramolecular αCD-nBu gels (m, n) and βCD-Ad gels (m, n);
m and n denote the mol% of the host unit and guest unit, respectively. Reprinted with permission
from [114]. Copyright 2016 John Wiley and Sons.

3.2.2. Cucurbit[n]urils

Macrocycles composed on glycouril units, cucurbit[n]urils (CB[n], where n = 5–8, 10; n = 6 most
abundant), can form binary 1:1 or ternary 1:1:1 host-guest complexes with a variety of guest molecules.
A comprehensive review of guests of CB[n] was recently published by Scherman et al. [115]. The cavity
of CB[8] is large enough to accommodate two guests, and ternary complexes can be formed upon
simultaneous binding of an electron-rich and an electron-deficient guests, such as naphthyl and
methylviologen derivatives, respectively [116,117]. Because the functionalization of cucurbit[n]urils
can be challenging [118,119], inclusion complexation-induced crosslinking and gelation is rather
achieved upon ternary binding of polymer-bound guests by free CB[n] [120–122].

Self-healing hydrogels were prepared from naphthyl-functionalized hydroxyethyl cellulose
(HEC-Np) and a viologen-functionalized poly(vinyl alcohol) (PVA-MV) [121]. The latter gels were
reinforced by adding colloidal nanofibrillated cellulose (NFC) hydrogel to a fixed composition of
supramolecular HEC-Np/PVA-MV/CB[8] hydrogel. Figure 9 depicts the resulting interpenetrating
network (IPN). Supramolecular hydrogel alone showed rapid and complete self-healing after
repeated shear, owing to rapid association kinetics of the ternary complex of CB[8] (association
constant ka ~108 M´1¨ s´1) [121]. The strongest hybrid hydrogel has elastic modulus G1 of 2 kPa
at 0.1% strain and it was stronger (up to 50-fold increase in G1), had higher yield strain (up to
>4-fold enhancement) and showed improved and faster structure recovery than NFC gel alone.
Supramolecular HEC-Np/PVA-MV/CB[8] hydrogel bridged the denser floc-like domains of colloidal
NFC gel and mediated the healing of NFC network [122]. The recent research on ternary CB[n]
complexes [115,123–125] gives promise to further developments in self-healing host-guest materials.
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Figure 9. (A) Supramolecular hydrogel consisting of HEC-Np, STMV, and the CB[8] host motif
capable of binding the first guest naphthyl and the second guest viologen highly dynamically;
(B) Colloidal reinforcing nanofibrillated cellulose, also showing the denser and less dense network
regimes; (C) Interpenetrating hybrid hydrogel consisting of the molecular-level supramolecular and
colloidal-level NFC hydrogel; and (D) Surface adsorption of HEC-Np onto the NFC surface. Possible
hydrogen bonding is schematically shown. Reprinted with permission from [122]. Copyright 2016
John Wiley and Sons.

3.3. Hydrogen Bonding

Dynamic supramolecular polymers are typically synthesized by introducing complementary
H-bonding donor and acceptor motifs into the building blocks [65,66,126], which is also an elegant
strategy for building reversible networks with self-healing capacity. In aqueous medium, the
H-bonding occurs in competition with water molecules, whose contribution can be diminished by
using multiple H-bonding motifs with high dimerization affinity, such as 2-ureido-4[1H]pyrimidinone
(UPy) units. The dimerization can be further enhanced by shielding the motifs from water with
hydrophobic substituents, such as adamantyl (Ad) or alkyl groups [127]. Such motifs have been
used to induce reversible physical network formation of a copolymer of N,N1-dimethylacrylamide
(DMA) and a methacroyl monomer bearing a Ad-functionalized UPy unit [127] or a PEG chain
bearing UPy moieties shielded from water by apolar isophorone [128] or alkyl spacers [129,130]
(Figure 10a,b). The transient network formation of telechelic UPy-bearing polymers arose from the
entanglement of supramolecular self-assembled fibrils at elevated concentrations (Figure 10c), which
was further dependent on the length of the alkyl spacer and temperature [129]. These hydrogelators
showed a reversible transition from viscous liquids to solid-like gels upon cooling, and the gel
strength and self-healing properties could be modulated by the addition of short-chain monofunctional
UPy-PEGs [130]. The strongest gel showed elastic modulus G1 of 18 kPa at 20 ˝C at angular frequency
of 10 rad/s. Despite the multivalency of interactions, the structure recovery of the gels could take from
hours to days, similar to many low-molecular-weight hydrogelators (LMWHs) that also form networks
of bundled self-assembled fibers, studied extensively by the groups of Weiss, van Esch, and Zhu, among
others [131–134]. The slow recovery raises a question of whether such systems can be strictly considered
as self-healing materials, as rapid healing and fast macromolecular dynamics are often required for
potential applications. Nevertheless, the transient network formation of telechelic UPy-alkyl-PEGs
was fast enough for the successful encapsulation and injection delivery of an anti-fibrotic growth factor
protein BMP7 in vivo in the kidney capsule of rats [129].
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Figure 10. (A) Examples of the structures of PEG-based H-bonding polymers that contain UPy units
as part of main chain [128] or as end groups [129,130]; (B) Visual demonstration of the self-healing
of a 15 wt% hydrogel of the main-chain-functionalized polymer of (a). Purple dye was added for
demonstration purposes [128]; (C) At high temperatures (above 50 ˝C) and in dilute solution, the
hydrogelators are present as three species: single chain, spheric micelle, and fiber: (i) Upon cooling, or
increase in concentration, a soft hydrogel is formed; (ii) After a time span of approximately 16–24 h,
the strength of the gel is increased due to the formation of supramolecular cross-links; and (iii) The
fibers may bundle and phase separate forming ordered domains in the hydrogel network. Reprinted
with permissions from [128,129]. Copyright 2016 John Wiley and Sons.
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Figure 11. (A) Chemical structure of the copolymer containing DMAEMA and SCMHBMA
and the schematic model of self-healing and stretching of the hydrogel formed by the
copolymer; (B) Demonstration of the self-healing (a,c–g) and the stretching (b) properties of the
DMAEMA-SCMHBMA hydrogel at pH 8. The gel in (a,b) was colored with methyl blue for better
imaging. Optical microscopy images (c–g) were obtained from a hydrogel film with an incision (c) after
annealing at 50 ˝C (d,e) and subsequent cooling to 20 ˝C (f,g). Reprinted with permission from [135].
Copyright 2016 Royal Society of Chemistry.

UPy units can also be introduced as side groups that form interchain crosslinks upon H-bonded
dimerization. A copolymer composed of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and a
UPy-unit-bearing monomer 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate
(SCMHBMA) (Figure 11A) was thermo-responsive with lower critical solution temperature (LCST)
of 40 ˝C at pH 8 [135]. The copolymer yielded viscous solutions at acidic pH where DMAEMA units
were protonated, whereas self-healing hydrogels were obtained at neutral to basic pH (pH 7–8) at
20 ˝C (Figure 11B). Here, the self-healing properties were only observed visually and using polarized
optical microscopy (POM). Increasing the temperature above the LCST prevented self-healing, because
the collapse of polymer chains restricted their diffusion to the damaged site and H bonds could not be
restored. Self-healing was also observed for covalently crosslinked gels with the same composition,
as well as for other copolymers of SCMHBMA with hydrophilic or thermo-sensitive comonomers,
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such as 2-hydroxyethyl methacrylate (HEMA), 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA),
N-isopropylacrylamide (NIPAAm), and N,N1-dimethylacrylamide (DMA) [135]. Later, this monomer
was copolymerized into crosslinked polyurethane-PEG-methacrylate (PU-PEGMA) networks to yield
highly deformable (elongation at break up to 2000%) self-healing hydrogels, which were capable of
recovering up to 87% of their original tensile strength of 382 kPa in 10 min after bringing the cut pieces
into contact. The gels also showed high compression strength of up to 4.5 MPa and did not rupture
even when exposed to 90% compressive strain [136].

Varghese and coworkers [137] showed that poly(6-acryloyl-6-aminocaproic acid)-based hydrogels
(PA6ACA) underwent rapid (<2 s) and repeatable H-bonding-induced self-repair in acidic conditions
(pH ď3) where carboxylic acid groups were protonated. A6ACA monomer contains an alkyl spacer
between the acrylamide and –COOH group. The hydrogels healed for 10 s could withstand higher
than 2 kPa tensile stresses and the rupture occurred within the bulk region of the gel, not at the welded
interface. The self-healing ability depended strongly on the availability of amide bond for H-bonding,
that is, the length of the spacer between –COOH and amide group. Based on proof-of-concept
testing, the gels are expected to find their applications as acid-resistant sealants, muco-adhesive tissue
adhesives and drug delivery vehicles, and soft structures for various devices [137]. Self-healing of these
gels could also be induced by divalent metal complexation (Cu2+) by A6ACA units [138]. Recently, the
copolymers of an amino acid-based monomer, N-acryloyl glycinamide (NAGA) and acrylamide (AAm)
showed thermoplasticity and temperature-driven H-bonding between the amino acid moieties, which
yielded strong self-healing hydrogels (G1 up to 1 MPa) with the healing efficiency of up to 84% [139].

3.4. Ionic Interactions

Ionic interactions have long been used to reinforce elastomeric materials, as a relatively small
concentration of acid or ionic groups can substantially alter the physical, mechanical, optical, dielectric,
and dynamic properties of a polymer [140,141]. Ionomers, i.e., copolymers with typically less than 15
mol% of ionic groups, and polyelectrolytes are widely used to create ionic supramolecular systems and
crosslinked networks [141]. For example, self-healing materials based on non-aqueous ionic networks
have been made from poly(acrylic acid) (PAA) and a phosphonium ionic liquid linker, where the length
of the alkyl substituents and number of phosphonium groups (di- or monofunctional) determined
the mechanical properties of the material [142]. Ionic crosslinks can also be used to dissipate energy
and induce healing of covalently crosslinked hydrogels. For instance, tough stretchable hydrogels
have been synthesized by mixing ionically crosslinked alginate (crosslinking by Ca2+ ions) into a
photocrosslinked polyacrylamide (PAAm) network. These gels were stronger than individual PAAm
or alginate gels and stretchable to nearly 20 times of their length prior to rupture. Of the network
strength, 74% was recovered after 1 day of healing at elevated temperature (80 ˝C) [143].

The interacting charges may also exist in the same monomer. Zwitterions are dipolar species,
in which the cation and the anion are separate in the same monomer unit and can be completely
dissociated, thus maintaining the overall electroneutrality. Zwitterionic polymers have been shown
to form reversible self-healing hydrogels through ionic interactions. Examples of such systems are
carboxy- or sulfobetaines and their copolymers with neutral comonomers. A carboxybetaine acrylate
(AAZ) homopolymer yielded biocompatible rapidly healing ( ď100 s) hydrogels, where the strongest
physically crosslinked gels exhibited elastic modulus G1 of ~800 Pa, tensile strength of around 60 kPa
and Young’s modulus E of ~25 Pa. The self-healing of gels (Figure 12a) was induced by the electrostatic
attraction (“zwitterionic fusion”) between the quaternary ammonium group and carboxylate group
of the same monomer. The self-healing could take place even after a long separation time of the cut
fragments both in physically and chemically crosslinked gel samples [144], while most examples of
self-healing of gels have been tested on fresh surfaces. Moreover, the fusion of cell-laden pieces of
hydrogel did not cause a significant loss in cell viability, which suggests potential applications in tissue
engineering and regenerative medicine.
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Figure 12. (A) Carboxybetaine acrylate (AAZ) monomer and the fusion of its homopolymer hydrogels
from separate blocks (A1–A4, (i)) into a uniform gel (ii) that can be stretched (iii) and bent (iv)
without breaking. A1 (blue), A2 (green), A3 (yellow) and A4 (red) have the same composition [144];
(B) Reversible hydrogen bonding and electrostatic interactions of a P(AAm-co-DMAPS) copolymer,
resulting in crosslinked hydrogel formation. Reprinted with permissions from [144,145]. Copyright
2016 Elsevier and Royal Society of Chemistry.

In another carboxybetaine-based system, nanocomposite hydrogels were prepared by the
copolymerization of a carboxybetaine methacrylamide CBMAA-3 ((3-methacryloylaminopropyl)-
(2-carboxyethyl)dimethylammonium-(carboxybetaine methacrylamide)) and 2-hydroxyethyl
methacrylate (HEMA) in the presence of an inorganic clay, Laponite XLG [146]. Laponites are
hydrophilic disk-shaped inorganic clay platelets that can be uniformly dispersed in water and act as
physical crosslinkers. The presence of Laponite enhanced the mechanical properties of composite
hydrogels (Young’s modulus up to 80 kPa, elongation at break up to 1800%) and reduced the water
uptake of gels due to higher crosslinking density, while the higher zwitterion (CBMAA-3) content was
associated with faster structure recovery [146]. These materials were proposed to act as non-fouling
protein-resistant biomaterials. Interestingly, the nanocomposite hydrogels of Laponite with the
copolymers of DMA and a sulfobetaine acrylamide (N,N-dimethyl(acrylamidopropyl) ammonium
propane sulfonate) (DMAAPS) demonstrated upper critical solution temperature (UCST) behavior
with UCST of ď9.3 ˝C when DMA content was ď10 mol% [147]. The hydrogels showed self-healing
behavior above but not below the UCST, similar to the H-bonded LCST network described in
Section 3.3 [135], because the diffusion of dangling polymers chains across the damaged region and
interactions with clay platelets were disrupted upon the collapse of chains below the UCST. Here, the
strongest gel showed elastic modulus G1 of ~1.6 kPa at 0 ˝C and f = 1 Hz, the tensile strength below
5 ˝C was ~65 kPa and elongation at break was ~1800%. However, only 20% recovery in tensile strength
was achieved after 24 h self-healing above the UCST [147].

Combined electrostatic and H-bonding interactions were responsible for the self-healing of a
zwitterionic hydrogel based on P(AAm-co-DMAPS) polymers, where AAm = acrylamide and DMAPS
= 3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate (Figure 12b) [145]. High healing
efficiency (up to 80%) and fast recovery (~35 s) were observed for gels with AAm/DMAPS = 1 and the
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strongest gel showed elastic modulus G1 of ~5.5 kPa. The suggested applications of these hydrogels
are in the field of enhanced oil recovery (EOR) [145].

3.5. Polymer-Nanocomposite Interactions

Some of the above-mentioned examples have demonstrated the use of inorganic clay nanoplatelets
(Laponite) [146,147] to enhance the mechanical properties of supramolecular hydrogels. Aida and
coworkers [148] prepared rapidly self-healing hydrogels from aqueous clay nanosheet (CNS) solution
with sodium polyacrylate (ASAP) as a dispersant and exfoliator by adding a guanidine-functionalized
dendritic macromolecule (G3-binder, Figure 13). Positively charged guanidium groups adhere to
anionic CNSs and act as crosslinkers, leading to strong (G1 >5 kPa) free-standing gels which recovered
repeatedly from shear-induced rupture in 600 s. The gels could resist brine and moderately acidic and
basic conditions (pH 4.0–10.0) and could incorporate and maintain biologically active proteins, such
as myoglobin. A myoglobin-loaded gel retained ~71% of the catalytic activity of myoglobin in the
oxidation of o-phenylenediamine with H2O2 in phosphate buffer, suggesting potential applications
in the transport of biologically active agents [148]. Guanidinium-based (PGn) blocks have also been
used to build luminescent self-healing hydrogels via physical crosslinking of PGn-b-PEO230-b-PGn

block copolymers with anionic nanosized inorganic transition-metal oxide clusters, polyoxometalates
(POMs). The resulting self-healable hydrogels showed enhanced luminescence properties, elastic
modulus G1 of up to 30 kPa and rapid structure recovery in 20 s [149]. In another example
of nanoclay composites, the interaction of a cationic PDMAEMA6-b-PEO109-b-PDMAEMA6 block
copolymer with Laponite XLG clay platelets resulted in a self-healing CO2-responsive hydrogel,
where protonated PDMAEMA blocks were bound to the anionic surface of nanoclay and formed
interplatelet bridges. The protonation of PDMAEMA was induced by bubbling CO2 through
the clay-polymer solution and it could be reversed by N2 flow, while the self-healing of the gel
arose from the electrostatic interactions. The strongest gel showed elastic modulus G1 of 5 kPa at
f = 1 Hz [150]. The interaction with nanoclay could also be based on H-bonding, such as in the case
of self-healing Laponite nanoclay composites with water-soluble poly(N,N1-dimethylacrylamide)
(PDMA) or thermo-responsive poly(N-isopropylacrylamide) (PNIPAAm) [151].

Self-healing hydrogels based on hydrophobic interactions between a hydrophobically modified
water-soluble polymer and graphene oxide (GO) sheets were prepared by the copolymerization of
stearyl methacrylate and acrylamide in the presence of GO and sodium dodecyl benzene sulfonate
(SDBS) [74]. As discussed in Section 3.1, hydrophobically modified copolymers alone can show
self-healing properties. Here, the GO sheets acted as physical crosslinking junctions resulting in a
dramatic increase in mechanical strength but decreased self-healing efficiency (53% and 66% with
5 wt% GO and without GO, respectively). The strongest gels exhibited tensile strength of 243 kPa
with elongation at break of 1700% and elastic modulus of ~65 kPa. The nanocomposite gels could
efficiently remove hydrophobic compounds from water, tested by the absorption and release of
methylene blue (MB) and congo red (CR) dyes, and could be recycled cyclically for dye absorption
without compromising the mechanical properties. Hence, applications in water purification have
been suggested [74]. Other self-healing GO nanocomposites have been made for example from
chitosan via ionic interactions between cationic chitosan and the anionic surface of GO sheets [152] or
poly(6-acryloyl-6-aminocaproic acid) (PA6ACA) in the presence of Ca2+ via combined coordination
and H-bonding interactions [153].
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Figure 13. (A) Structure of guanidine-functionalized G3-binder; (B) Non-covalent preparation of
hydrogels. (a–c) Proposed mechanism for hydrogelation. CNSs, entangled with one another (a), are
dispersed homogeneously by interaction of their positive-charged edge parts with anionic ASAP (b).
Upon addition of Gn-binder, exfoliated CNSs are crosslinked to develop a 3D network (c). (d–f) Optical
images of an aqueous suspension of CNSs (d), an aqueous dispersion of CNSs and ASAP (e) and a
physical gel upon the addition of G3-binder to the dispersion (f). Reprinted with permission from [148].
Copyright 2016 Nature Publishing Group.

3.6. Other Crosslinking Mechanisms: Crystallization, Transient Protein Interactions

Crystallization of macromolecules can lead to gelation in aqueous solution through locking of the
polymer chains into regular structures that act as physical crosslinks. Such molecular assembly
is typical for protein- or peptide-based systems [68,154,155], but is not uncommon even with
synthetic macromolecules. For example, poly(vinyl alcohol) (PVA) formed physically crosslinked
self-healing hydrogels when exposed to repeated freeze-thaw cycles, and the crystallinity as well as
the mechanical strength of gels increased with polymer concentration and the number of cycles [73].
PVA gels of 35 wt% showed repeatable rapid healing and evolution of fracture stress: after 10 s
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recovery, the gels could withstand a stress of around 10 kPa and after 1 h, 40% of initial tensile
strength was regained. The crystallites act as physical crosslinks in a hydrogel, while self-healing is
favored by concentration-dependent interchain H-bonding and the diffusion of PVA chains over the
fractured surface. Hence, self-healing could not occur below a limiting concentration (20 wt%) [73].
The mechanical properties of PVA hydrogels were further enhanced by the addition of H-bonding
agent, melamine, that acts as both H-bonding acceptor and donor [156].For example, a gel with 1.5 wt%
melamine displayed a tensile strength of 3.11 MPa and 525% elongation at break, while the values for a
gel without melamine were 0.74 MPa and 325%, respectively. However, adding melamine reduced the
self-healing ability PVA hydrogels (from 86% to 52%) through increasing the gel rigidity, which further
led to reduced chain interdiffusion and H-bonding over the fractured surfaces. [157]. Similarly, an
interpenetrating hydrogel network of chemically crosslinked PEG and physically crosslinked PVA
showed reduced self-healing capacity due to lower PVA chain mobility and lower H-bond forming
–OH group density [158].

Examples of proteins and polypeptides that have been shown to form self-healing
hydrogels include silk-collagen-like block copolypeptides that showed pH-dependent fibrillar
self-assembly [159], diblock copolypeptides composed of charged and hydrophobic segments that
exhibited conformation-dependent (α-helix vs. β-sheet) gelation and high thermal stability up
to 90 ˝C [160], micelles of elastin-like diblock copolypeptide that self-assembled into rapidly
shear-recovering hydrogels upon the addition of Zn2+ [161], and bis-maleimide-PEG-linked globular
actin (G-actin) that underwent reversible salt-induced self-assembly into fibrillar actin (F-actin) [162].
Pochan, Schneider and coworkers have done extensive work on self-assembling β-hairpin
peptides with shear-thinning and self-healing behavior for injectable therapeutic delivery [163].
Recently, engineered peptides containing aggregation-prone and β-sheet-forming C-terminal amyloid
β-protein sequences (associated with Alzheimer’s disease) gave rise to amyloid fibril network and
weak self-healing hydrogel formation (G1 40–250 Pa at 10 Hz) [164]. The resulting gels recovered from
deformation in 15 min of rest (or in 100 s during step strain experiments) and the recovery mechanism
was associated with the stickiness of the hydrophobic surface of amyloid fibrils.

Heilshorn and coworkers [165] prepared an elegant injectable and biocompatible hydrogel that
combined synthetic and peptide-based systems and underwent two different physical crosslinking
mechanisms. This double network system was based on two components: (1) 8-arm star-like PEG
conjugated with one thermo-responsive PNIPAAm chain and seven proline-rich peptide domains
(P1); and (2) linear protein copolymer consisting of P1-recognizing units and cell adhesion-favoring
RGD arginine-glycine-aspartic acid domains connected by hydrophilic spacers (Figure 14). The first
crosslinking occurred ex vivo upon mixing the two components, which led to peptide-based recognition
and very weak hydrogels with elastic modulus of 13 Pa. The second crosslinking occurred at body
temperature upon the collapse of PNIPAAm above its LCST and led to increase in gel strength
(G1 ~ 100 Pa). The gels showed reversible rapid self-healing (<2 s) due to reformation of physical
network junctions and the process was faster than with gels based on protein-ligand interactions,
passive re-entanglement of polymer chains or stepwise reassembly into nanofibers. The gels enhanced
stem cell retention at the desired site in vivo, reducing the number of injections and cells required for
transplantation [165].
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Figure 14. Schematic of a two-component double network “SHIELD”, where component 1 is an 8-arm
PEG with 1 arm conjugated with PNIPAAm and the other 7 arms conjugated with proline-rich peptide
(denoted as P1) domains. Component 2 is a recombinant C7 linear protein copolymer bearing CC43
WW (denoted as C) domains and RGD (arginine-glycine-aspartic acid) cell-binding domains connected
by hydrophilic spacers. The formation of double network occurs via peptide recognition and collapse
of thermo-responsibe PNIPAAm chains. Reprinted with permission from [165]. Copyright 2016 John
Wiley and Sons.

4. Potential Applications

Rapid shear thinning or solid-liquid transition and fast structure recovery are key requirements
both for injectable hydrogels and hydrogel inks for additive manufacturing. Additive manufacturing
technologies, such as 3D printing, enable the fabrication of complex micrometer- and millimeter-scale
structures, where hydrogels can be used as “bio-inks” to form constructs that replace, augment
or model tissues [166–169]. The strategies and molecular design criteria of 3D-printable hydrogel
inks have been highlighted in a recent review, where non-covalent gelators were categorized into
supramolecular polymers, low molecular weight gelators, and macromolecular and colloidal solid
particle-based systems [169]. Among these, the naturally occurring, slightly modified biopolymers
have so far shown the highest potential for biofabrication owing to their favorable biocompatibility
and capability to support cell survival and differentiation in culture. For example, Burdick
and coworkers [170] used host-guest complexation-based self-healing gels to construct patterned
multicellular structures (Figure 15), where mesenchymal stem cells (MSCs) and 3T3 fibroblasts
loaded within a biocompatible network of adamantane- and β-CD-functionalized biopolysaccharide,
hyaluronic acid (HA), were successfully printed to their own compartments. Here, a strong
4 wt% HA gel with 40 mol% of β-CD (host) and Ad (guest) units was used as a support gel
(G1 ~ 1 kPa at f = 1 Hz) and softer 5 wt% shear-thinning gel with 25 mol% of host and guest
units was used as an ink (G2 > G1 at f = 1 Hz indicating liquid-like behavior; G1 ~300 Pa and
G1 > G2 below 1% strain indicating solid-like behavior). Cyclodextrins have widely been used in
numerous injectable hydrogels owing to their excellent biocompatibility, weak immunogenicity, and
selectivity as supramolecular hosts [44,171]. Secondary covalent crosslinking was introduced via
photopolymerization of pendent methacrylate groups (Me-HA) to stabilize the printed gel against
chemical or physical perturbations, such as perfusion for the convection of nutrients and removal
of cell metabolic waste. As a result, the gels showed increased elastic moduli (G1 >10 kPa) and
reduced frequency dependence [170]. Spatially controlled bioprinting of multiple cell types enables
the development of organ or tissue constructs that do not require substantial vascularization as well as
mini-tissue models for pharmaceutical or cosmetic testing and disease studies [172].
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Figure 15. (Above): Schematic illustration of 3D printing of a supramolecular gel based on adamantane
(Ad, guest) and β-cyclodextrin (β-CD, host) conjugated to hyaluronic acid (HA). Green represents a
supramolecular support gel and red the printed ink; (Below): 3D reconstruction of a confocal Z-stack
of an ink filament (rhodamine-labeled, red) printed into a support gel (fluorescein-labeled, green).
Scalebar: 200 μm. Reprinted from with permission [170]. Copyright 2016 John Wiley and Sons.

The use of injectable hydrogels provides a minimally invasive strategy for the administration
of bioactive molecules and cells in the body [8,173,174]. Simple injection instead of a complicated
surgical procedure reduces the infection risks and recovery time in patients and injections can be done
to sites that are hard to reach by surgical techniques. Hydrogels can protect protein-based drugs from
enzymatic degradation and provide targeted delivery and prolonged release of the drug to the target
site [174]. They also provide a specific biological and mechanical three-dimensional environment
for cells that guides the regulation of cellular functions during the formation of regenerated tissue.
Injection delivery can be done via a syringe or via a catheter and recently, an H-bonded UPy-unit
containing hydrogels loaded with a small-molecule drug pirfenidone or a fluorescent model protein
mRuby2 were injected into a pig heart via an intramyocardial catheter [175]. The injectable system
was a Newtonian fluid with low viscosity at high pH and formed a stiff gel with G1 = 10–20 kPa (at
angular frequency ω = 0.1–100 rad/s) after neutralization. Here the liquid-like behavior was necessary
for the delivery via a catheter. The gradual degradation of the supramolecular gel and release of the
model protein shows promise of these self-healing gels as delivery systems for growth factors and
exosomes. In cellular therapy, rapid self-healing of the hydrogel localizes the cells to the targeted
area and increases the probability of cell retention after transplantation [165]. The above-mentioned
supramolecular HA/β-CD/Ad hydrogel provided improved delivery and retention of endothelial
progenitor cells (EPCs) in vivo in ischemic myocardium, aiming at the revascularization of myocardium
after heart failure. Significant increase in the vascularization, improvement of ventricular function,
and reduction of scar formation were observed [176]. Here, both examples of therapies target at the
regeneration of ischemic myocardium after infarction.

One potential application of self-healing hydrogels is the coating of medical implants.
Biocompatible hydrogel coatings with good structural stability can be used to protect orthopedic
implants or implanted sensors from biofouling [21,177,178] or to deposit growth factors, cells or
peptides on the implant surface [178,179]. The limitation in many bio-applications is the gel strength,
which can be enhanced by secondary crosslinking or mixing with other polymers. The latter approach
has been used in the preparation of an enteric elastomer (EE, Figure 16) from a mixture of H-bonding
PA6ACA polymer, which is structurally similar to traditional enteric polymers, and poly(methacrylic
acid-co-ethyl acrylate) (EUDRAGIT L 100-55) [180]. The stiffness of the resulting elastomer could be
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tuned by the ratio of these two polymers and the strongest gel reached the tensile strength of ~3.3 MPa
and >900% elongation at break. The elastomer was used to construct a gastric-retentive device with
alternating pieces of harder polycaprolactone (PCL) linked together by EE gels. In vivo evaluation of
the gastric device demonstrated that the device was intact in the acidic conditions of stomach, but
dissociated into smaller pieces upon passing to small and large intestine with neutral pH, where
H-bonds start breaking upon the deprotonation of acid groups [180]. Hence, these supramolecular
materials and their elastomers have strong potential in new gastric-resistant devices for weight control,
ingestible electronics, and prolonged drug delivery. Recently, Gong and coworkers demonstrated the
reprocessability of tough polyelectrolyte complex-based self-healing hydrogels into capsules, films,
and fibers at ambient temperature [181].

 

Figure 16. (A) Proposed supramolecular polymer gel network. Structures in yellow, synthesized
poly(acryloyl 6-aminocaproic acid) (PA6ACA); structures in purple, linear poly(methacrylic
acid-co-ethyl acrylate) (EUDRAGIT L 100-55); red part, inter-polymer hydrogen bonds;
(B) Manufacturing process of the polymer gel. (Left), the homogeneous solution of PA6ACA sodium
salt solution and L 100-55 sodium salt solution with varying polymer weight ratios. (Middle), the
addition of HCl solution resulting in precipitation; (Right), formation of the elastic polymer gel after
ultracentrifugation; (C) Photo of a piece of the polymer gel obtained after ultracentrifugation; and
(D) Images of stretch and recovery testing of a polymer gel with PA6ACA:L 100-55 = 1:2. (Top), 1.5 cm
piece of polymer gel held between two clamps. (Middle), stretching of the polymer gel to three times
its initial length; (Bottom), recovery of the polymer gel 5 min after the external force was removed.
Scale bar is 2 cm for (C) and (D). Reprinted with permission from [180]. Copyright 2016 Nature
Publishing Group.

5. Future Prospects and Conclusions

Self-healing of hydrogels is relatively easier to achieve than in harder materials due to the
higher mobility of the chains and the dynamic bonding interactions of the functional groups.
Although supramolecular materials have been under extensive research for decades, the focus has only
recently shifted on investigating how the reversibility of their physical interactions can be exploited at
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macroscopic scale for instance, in medical devices or delivery systems. The rapid structure recovery
physical gels arising from the diffusion of polymer chains and interacting sites to the damaged area
is beneficial in injection- and extrusion-based applications, but achieving a balance between the
mechanical properties and recovery rate is challenging. The experimental data of mechanical strength
and recovery of the various hydrogels reported are rather scattered and it is difficult to compare
them directly due to the differences in experimental conditions and characterization methods used.
It is thus difficult to indicate a clear trend that would guide in the selection of the most suitable
preparation strategies. Often the choice of the preparation methods depends on the final use of the
hydrogels in addition to the required physical properties. Among the physical interactions, hydrogen
bonding seems to provide hydrogels of higher strengths with tensile and compression strengths of
several MPa. Various techniques to reinforce the hydrogels are highlighted in this review and the
most efficient ones combine several crosslinking mechanisms or involve mixing the supramolecularly
crosslinking polymer with nano-fibers, -sheets or -particles, or blending with other polymers for better
processability and enhanced lifetime.

These approaches show the highest potential for the use of self-healing hydrogels in therapeutic
systems and medical devices and are expected to gain significant research interest in the future.
Also, incorporating biologically active compounds, such as bile acids or peptides, as supramolecular
building blocks is of increasing interest. The presence of pharmacologically active agents or cells
may alter the crosslinking and degradation mechanisms of hydrogels, leading to changes in gel
deformation and structure recovery and therefore, the long-term stability of each new hydrogel
system would need to be investigated under physiological or cell culture conditions for biomedical
applications. Physical hydrogels often exhibit time-dependent deformation, referred to as “creep”,
which is associated with high dissipative loss modulus in relation to elastic modulus and may affect
the stem cell fate choice and tissue development in cell-seeded hydrogels [182]. In addition, the
supramolecular carrier system should not interfere with the biological activity of the therapeutic
agent. Self-healing physical gels provide a promising platform for building dynamic devices and
systems, especially upon the recent innovations in 3D printing, and combining supramolecular and
biotechnological approaches shows a great promise for the development of structurally controlled
materials with tailored mechanical properties.
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The following abbreviations are used in this manuscript:

Ad adamantane
AdCANa sodium adamantanecarboxylate
AAm acrylamide
AAZ carboxybetaine acrylate
Alg alginate
ASAP sodium polyacrylate
CB[n] cucurbit[n]uril, n = number of glycouril units
CBMAA-3 (3-methacryloylaminopropyl)-(2-carboxyethyl)dimethylammonium-(carboxybetaine

methacrylamide)
CD cyclodextrin
Chol cholesterol
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CNS clay nanosheets
DMAEMA 2-(dimethylamino)ethyl methacrylate
DMAPS 3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate
CTAB cetyl trimethyl ammonium bromide
DMA N,N1-dimethylacrylamide
DODAB dimethyldioctadecylammonium bromide
EE enteric elastomer
EPC endothelial progenitor cell
Fc ferrocene
G1 storage modulus
G2 loss modulus
GO graphene oxide
HA hyaluronic acid
HEC hydroxyethyl cellulose
HEMA 2-hydroxyethyl methacrylate
MEO2MA 2-(2-methoxyethoxy)ethyl methacrylate
MSC mesenchymal stem cell
MV methylviologen
NFC nanofibrillar cellulose
NIPAAm N-isopropylacrylamide
Np naphthyl
PA6ACA poly(6-acryloyl-6-aminocaproic acid)
PAAc poly(acrylic acid)
PEG poly(ethylene glycol)
PLGA poly(L-glutamic acid)
PPG poly(propylene glycol)
PVA poly(vinyl alcohol)
RGD arginine-glycine-aspartic acid
SCMHBMA 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate
SDS sodium dodecyl sulfate
SEM scanning electron microscopy
STMV methyl viologen-functionalized cationic polystyrene
UPy 2-ureido-4[1H]pyrimidinone
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Abstract: Gel becomes an important class of soft materials since it can be seen in a wide variety of the
chemical and the biological systems. The unique properties of gel arise from the structure, namely,
the three-dimensional polymer network that is swollen by a huge amount of solvent. Despite the
small volume fraction of the polymer network, which is usually only a few percent or less, gel shows
the typical properties that belong to solids such as the elasticity. Gel is, therefore, regarded as a dilute
solid because its elasticity is much smaller than that of typical solids. Because of the diluted structure,
small molecules can pass along the open space of the polymer network. In addition to the viscous
resistance of gel fluid, however, the substance experiences resistance due to the polymer network of
gel during the transport process. It is, therefore, of importance to study the diffusion of the small
molecules in gel as well as the flow of gel fluid itself through the polymer network of gel. It may be
natural to assume that the effects of the resistance due to the polymer network of gel depends strongly
on the network structure. Therefore, detailed study on the transport processes in and through gel
may open a new insight into the relationship between the structure and the transport properties of
gel. The two typical transport processes in and through gel, that is, the diffusion of small molecules
due to the thermal fluctuations and the flow of gel fluid that is caused by the mechanical pressure
gradient will be reviewed.

Keywords: diffusion; friction; scaling theory; colloid gel

1. Introduction

Gel has the characteristics and common structure that consists of the three-dimensional polymer
network and gel fluid. Because of such a diluted structure, many molecules are transported through
gel. Such a characteristic of gel is used in separation technologies, namely, gel electrophoresis, gel
permeation chromatography, and so forth. Therefore, information on the transport phenomena in
and across gel is of importance in designing a separation system. Moreover, knowledge on transport
phenomena in gel has become quite important recently for understanding the volume phase transition
of gel and the pattern formation phenomena of gel [1–3]. It has been reported that the volume of gel
reversibly changes more than a thousandfold in response to the slight environmental change in the
vicinity of the volume phase transition point [4]. The huge amount of gel fluid, therefore, flows in
and out in accordance with the swelling and shrinking of gel. Kinetic study on the volume change
of gel indicates that the characteristic time of the swelling of gel, τ , is determined by the ratio of the
longitudinal modulus of gel, E, the friction between gel fluid and the polymer network of gel, f , and
the typical size of gel, a, as τ = a2 f /E [5]. In contrast, the shrining pattern formation phenomena in the
shrinking process of gel in the poor solvent is very complicated since the first event that occurs in the
beginning of the shrinking process is the diffusion of the poor solvent into gel. Then, the squeeze out
of gel fluid came in to create the shrinking patterns. Both the diffusion and the friction compete with
each other in pattern formation in the shrinking gels. As a result, various shrinking patterns appear
in the shrinking gel [6–8]. In addition to this, one of the most striking expectations is deduced from
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the study of the critical dynamics of the volume phase transition of gel, namely, the friction of gel
becomes smaller and it vanishes at the volume phase transition point [9]. The diffusion and the friction,
therefore, play important roles in the volume phase transition of gel as well as the pattern formation
in gel. The detailed studies on the transport of substances by the diffusion and the flow of gel fluid
are still required for the full understanding of the volume phase transition of gel and the pattern
formation in gel. Since the polymer network of gel is regarded as an assembly of the molecular mesh,
the relationship between the transport properties of gel and the mesh size of the polymer network of
gel should first be clarified. The diffusion of small molecules in gel and the frictional properties of gel
have been studied by many researchers so far [10–13]. Although many studies have been conducted,
most measurements are made under not ideal conditions. In this review, we will discuss the diffusion
and the friction of gel in terms of the structure of gel by which the simple view for the transport
phenomena in gel will be deduced.

2. Gel

Gel is classified into two classes by the structure of the cross-linking point. One is called
chemical gel and the other is known as physical gel. In the case of chemical gel, the cross-linking
point consists of a covalent bond. On the other hand, the cross-linking point of physical gel
consists of the assembly of polymers that is formed by the short range interactions such as the
van der Waals interaction, the hydrophobic interaction, the hydrogen bond, and the Coulomb
interaction between charges. The network structure of chemical gel is not varied by the change
of the external environment such as the temperature, because the bonding energy of the covalent bond
is much higher than the thermal energy. Hence, the cross-linking point of the polymer network is
unchanged even if the temperature is changed, say, from 0 to 100 ◦C. Gel is in an equilibrium swelling
state [14]. The volume of gel changes in response to environmental changes such as the temperature in
the case of chemical gel. If the appropriate chemical structure is given to the polymer network of gel,
then gel shows the volume phase transition phenomena. On the other hand, the bonding energy due
to short range interactions is almost the same order of magnitude as the thermal energy. Accordingly,
most physical gels show the sol-gel transition phenomena when the environmental conditions are
changed. The sol-gel transition and the volume phase transition are the characteristic transitions in
gel system [15].

In this review, we describe the transport properties of the chemical gels of acrylamide (AAm) and
N- (NIPA) cross-linked by N,N-methylenebisacrylamide (BIS). The linear polymer chains of AAm or
NIPA are connected by BIS to form a three-dimensional polymer network. The network structure is,
therefore, determined both by the concentrations of the linear chain component and the cross-linker.
The cross-linking density of gel, which is defined by the mole fraction of the cross-linker to the total
amount of the linear component and the cross-linker, is fixed at 0.01 or 0.02 in most studies. The
total concentration of gel is changed under the fixed cross-linking density. The gels obtained under these
conditions are uniform; hence, gel is transparent and elastic. On the other hand, the cross-linking
density is changed at a constant total concentration, usually fixed at 700 mM. The gel prepared at higher
concentrations of BIS are opaque and brittle suggesting the formation of a non-uniform structure.

The mesh size of the polymer network is the most important parameter that defines the structure
of the polymer network of gel. The gels used here are synthesized by the random copolymerization
of the linear chain component and the cross-linker. As a result of this, the network structure of gel
becomes more or less random. The size of the polymer mesh is, therefore, expressed by an averaged
parameter that is called the correlation length of gel, ξ . The correlation length of gel represents, in a
good solvent, the distance between two nearest neighbor contact points of polymers. The correlation
length of gel varies with the concentration of the linear chain component, the cross-linking density,
and the environmental conditions such as the temperature.

For most parts of the study, poly(acrylamide) gel (PAAm gel) is chosen as the sample gel since
this gel is widely used in separation and the purification technologies. Hence, the physical and

195



Gels 2016, 2, 17

the chemical properties of PAAm gel are well known. For instance, the concentration of gel can
be changed widely from 0.02 to 0.5 g/mL because of a high affinity with water. This is a definite
advantage for the present purpose of the study because the correlation length of the polymer network
of gel can be changed widely. In addition to this, PAAm gel does not interact strongly with many
water soluble molecules. This is another great advantage for the present study since it widens the
choice of the probe molecules. On the other hand, poly(n-siopropylacrylamide) gel (PNIPA gel) is
known as the thermo-sensitive gel. The gel shows the discontinuous volume change at about 34 ◦C
in water. The correlation length of PNIPA gel can be changed reversibly as a function of the temperature.
Therefore, the critical behaviors of the frictional property can be revealed by studying the frictional
property of PNIPA gel in the vicinity of the volume phase transition point.

3. Probe Diffusion in Gel

Many advancements in nuclear magnetic resonance technology have been made at the end
of the last century. One of the useful technologies in the study of transport phenomena is the
pulsed field gradient nuclear magnetic resonance method (PFG-NMR). The diffusion coefficient
of the specific molecules, which will be called the probe molecule hereafter, can be determined by
using PFG-NMR invasively if the probe molecule is distinguishable in the NMR spectrum of the
whole system. The PGF-NMR method is firstly applied to study the diffusion of the molecules in
simple solution. It is then applied to complex systems such as the semi-dilute polymer solution
systems, and finally to polymer gels [10,16,17]. Previous studies suggest that it is a requirement
to study the diffusion process by changing both the concentration of gel and the size of the probe
molecule systematically to obtain the entire aspects of the diffusion process in gel. The diffusion of the
probe molecule in gel is, however, extensively affected by short range interactions between the probe
molecule and the polymer network. The presence of short range interactions is unfavorable because
we firstly focus our attention only on the effects of the polymer network on the diffusion process of
the probe molecules. Since the short range interactions depend strongly on the chemical structures of
the polymer network and the probe molecules, one can minimize the complex situations by choosing
appropriate chemicals for gel and the probe molecules. Then, we can deduce the effects of only the
polymer network of gel on the diffusion of the probe molecules.

In this study, the diffusion coefficient of the probe molecules are measured in PAAm gel of the
total concentration from 0.02 to 0.5 g/mL at a cross-linking density of 0.02. Although any substance
can be a candidate for the probe diffusion experiments in PAAm gel, there are still several requirements
for the probe molecule for the present purpose of the study as listed below.

1. Highly soluble in water because water is used as a solvent.
2. Compact molecules to be assumed as a spherical molecule.
3. Molecular weight spreads at least one order of magnitude.
4. Chemical shift does not overlap with that of PAAm gel.
5. Absence of strong interaction with the polymer network of PAAm gel.

Taking into account these requirements, we finally choose water (solvent), ethanol, glycerin,
poly(ethylene glycol), and sucrose as the probe molecules. The molecular weight of each probe
molecule is, 18, 46, 92, 200, and 342, respectively.

The sample PAAm gel is synthesized in an NMR tube of 10 mm in diameter. The solvent is
the mixture of water and the heavy water (H2O:D2O = 9:1) which contains the probe molecule at
a concentration of 10 wt % is prepared firstly. Then, an appropriate amount of AAm, BIS, and
ammonium persulfate (initiator) are dissolved into the above solvent. The pre-gel solution thus
obtained is de-gassed for 20 min. The reaction is initiated by raising the temperature to 60 ◦C for 1
h. The diffusion experiments are made on a JEOL FX-60Q (JEOL, Tokyo, Japan), which is equipped
with a field gradient apparatus NMPL-502 (JEOL, Tokyo, Japan), at a frequency of 60 MHz. The
temperature is controlled at 30.0 ± 0.5 ◦C. Details of the experimental procedure are given in the
previous report [18].
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In Figure 1, the diffusion coefficient of the probe molecules in PAAm gels are plotted as a function
of the concentration of gel.

0

0.5

1.0

1.5

2.0

2.5

0.50.40.30.20.10

D
  (

10
   

m
  /

s)
-9

2

  (g/ml)

Figure 1. The dependence of the diffusion coefficient of probe molecules on the concentration of
acrylamide (AAm) in gel. The probe molecules are water, diamonds, ethanol (filled squares), glycerin
(open squares), poly(ethylene glycol) (filled circles), and sucrose (open circles), from top to bottom.
The data points at the position of zero concentration represent the diffusion coefficient of each probe
molecules in water that are measured by the same experimental setup. The temperature is fixed at 30.0 ± 0.5 ◦C.

The probe molecule, when dissolved in a simple fluid, thermally fluctuates in time and space. The
thermal fluctuation and the hydrodynamic friction due to the surrounding fluid, ζ , determine the rate
of diffusion. The diffusion coefficient, D0, of the probe molecule of the hydrodynamic radius, Rh, in a
simple fluid of viscosity, η, is expressed by the so-called Stokes–Einstein relationship as follows [19,20]:

D0 =
kBT

ζ
=

kBT

6πηRh
. (1)

Here, kB and T represent the Boltzmann’s constant and temperature. It is clear from the above
equation that the diffusion coefficient of the probe molecule is essentially determined by the size of the
probe molecule, Rh, when it is dissolved in a simple fluid at the constant temperature. However, it
is found from Figure 1 that the diffusion coefficients of all probe molecules decrease monotonically
with the concentration of AAm in the gel. The diffusion coefficient of the probe molecules decreases
even at a very small concentration region of gel, ca., less than 0.1 g/mL. The results obtained here,
therefore, indicate that the diffusion of the probe molecule within the gel is far from the free diffusion
in a simple fluid even in a tenuous gel. It is clear from Figure 1 that the diffusion coefficient of the
probe molecule is a decreasing function of the molecular weight of the probe molecule, and it is also
a decreasing function of the concentration of the gel. Furthermore, it may be clear that the concentration
dependence of the diffusion coefficients of the probe molecules are similar to each other. It strongly
suggests the presence of a universal function for the diffusion coefficient of the probe molecules in
the gel. Since both the concentration of the gel and the size of the probe molecule is systematically
changed in this study, such a function is written by these two parameters.

A similar phenomena has been also studied in semi-dilute polymer solutions and effort is devoted
to finding the universal physical picture of the diffusion in these condensed polymer systems of
the semi-dilute solution and gel [21,22]. Among others, one of the hopeful analyses of the diffusion
processes in gel is the scaling approach [23]. In modern statistical theory of polymer systems, many
physical quantities are expressed in terms of the scaling function, f (x). The diffusion coefficient of the
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probe molecules in gel that is normalized by D0 is also expected to be expressed by a scaling function
as follows:

D

D0
= f (x). (2)

Here, D and D0 represent the diffusion coefficient of the probe molecule in the gel and that in the
simple fluid, and x is the non-dimensional scaling variable. Since the diffusion coefficient is determined
by the linear size of the probe molecule, Rh, one of the candidates for the scaling variable is a ratio of
Rh and the correlation length. The correlation length of the polymer network of gel, ξ , is expressed as a
function of the concentration of gel, ϕ, as follows [23]:

ξ ∝ ϕ−3/4. (3)

On the other hand, the size of the molecules with simple and compact structures is simply
assumed as follows using the molecular weight of the probe molecule, M :

Rh ∝ M1/3. (4)

We, therefore, assume the following scaling variable:

x =
Rh

ξ
∝ M1/3ϕ3/4. (5)

In other words,
D

D0
∝ f

(
M1/3ϕ3/4) . (6)

The results shown in Figure 1 are, therefore, plotted as a function of the scaling variable, x ,
in Figure 2.
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Figure 2. The normalized diffusion coefficient of the probe molecules in gel, D/D0, is plotted as
a function of the scaling variable, x = M1/3ϕ3/4, in a semi-logarithmic manner. Symbols are the same as
that of the Figure 1.

It is found that all data fall onto a single master curve. In addition to this, the results are well
explained by a simple functional form as follows:

D

D0
= exp

(
−
Rh

ξ

)
. (7)

The results are in good agreement with the hydrodynamic calculations for the scaling function [21,22].
It is found that the diffusion coefficient of the probe molecules follows the simple scaling theory.

The results obtained here suggest strongly that the probe molecule that diffuses in the polymer
network of PAAm gel mainly experiences resistance due to the polymer network. In addition, the
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effects of the polymer network on the diffusion of the probe molecules are determined by the ratio of
the correlation length of the polymer network and the radius of the probe molecule. The results in
Equation (7) indicate that the relative rate of the diffusion is equivalent if the ratio of the hydrodynamic
radius and the correlation length of the polymer network, Rh/ξ , are equal. The smaller probe molecule
diffuses faster within the gel. However, even the size of the probe molecule is larger, it diffuses in
the gel at the similar rate as the smaller probe molecules if the mesh size of the gel is large enough.
The rate of the diffusion in the gel is, in the simplest case, determined by the geometrical factor of the
probe molecule and the polymer network of the gel. The parameter that determines the diffusion of
the substance in gel is the ratio of the size of the probe molecule and the correlation length of gel, Rh/ξ .
The results obtained here are schematically illustrated in Figure 3.

Figure 3. The schematic representation of Equation (7). The size of the probe molecules is different,
but the ratio of the size and the correlation length, Rh/ξ , is similar in these three cases. The diffusion
coefficient of the probe molecule that is normalized by the diffusion coefficient of the probe molecule
in water, D/D0, is almost the same in these cases.

4. Friction of Gel

Many efforts have been devoted to creating active systems such as artificial muscles after finding
the volume phase transition of gel [24]. When gel collapses, a huge amount of gel fluid is squeezed
out of gel. Hence, the acceleration of the drainage of gel fluid from gel is the key to success. In other
words, an understanding of the friction between the polymer network of gel and gel fluid is required.
The study of the kinetics of the swelling of gel indicates that the swelling of gel is determined by the
collective diffusion coefficient of gel, Dc [25–27]:

Dc =
E

f
. (8)

Here, E represents the longitudinal elastic modulus of the polymer network alone and f the
friction coefficient between the polymer network of gel and gel fluid. Equation (8) indicates that the
polymer network of gel moves under the drag force of the surrounding fluid.

The measurements of the friction between the polymer network of gel and gel fluid is, in principle,
simple as schematically shown in Figure 4. However, only a little is known about the frictional
properties of gels. The reason is simple—the friction coefficient of the polymer network is huge, while
gel is fragile. Detailed study on the frictional properties of the PAAm gels are reported where the
strategies to design the apparatus are also reported [28].
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Figure 4. The schematic illustration of the principle of friction measurement. The gel of the thickness L
is set in a column with the limb fixed. Then, small pressure, P , is applied to water, which covers the
left side of the gel. The velocity, v, of water flowing out of gel is measured in the stationary state. The
friction coefficient of gel is defined as f = P/vL.

4.1. Friction of Uniform Gel

The first study we should make is to obtain all the aspects of the frictional properties of
uniform gel. For this purpose, we use PAAm gel because of its many advantages as described
in the previous sections.

First of all, the temperature dependence of the friction coefficient of PAAm gel is studied.
The results are given in Figure 5. The friction coefficient of PAAm gel decreases monotonously
with the increase in temperature as shown in Figure 5. It may be natural to assume that the friction
coefficient itself depends on the viscosity of the flowing fluid. Thus, the friction coefficient of PAAm
gel is normalized by the viscosity of water and the results are also plotted in Figure 5. It is found that
the friction coefficient of PAAm gel is independent of the temperature when the friction coefficient is
normalized by the viscosity of water, f (T )/η(T ). The results obtained here indicate that the structure of
the polymer network of PAAm gel is independent of the temperature. The results further indicate that
the raw value of the friction coefficient includes the information on the viscosity of the flowing fluid. In
the present case, the friction coefficient of PAAm gel is proportional to the viscosity of water, f ∝ ηwater.
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Figure 5. The temperature dependence of the friction coefficient of poly(acrylamide) (PAAm) gel. The
concentration of gel is 5 % (squares) and 8% (circles). The friction coefficient that is normalized by the
viscosity of water, f (T )/η(T ) is also shown in this figure. The solid symbols are used in the increasing
of the temperature, and the open symbols are used in the decreasing of the temperature.

Secondly, we study the concentration dependence of the friction coefficient of PAAm gel. The
raw value of the friction coefficient of PAAm gel is plotted as a function of the concentration of gel in
a double logarithmic manner in Figure 6, since the measurements are made at a constant temperature
of 20 ◦C, and hence, the viscosity of water does not show any singular behavior at this temperature.
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Figure 6. The concentration dependence of the friction coefficient of PAAm gel. The raw value of the
friction coefficient is plotted as a function of the concentration of PAAm gel in a double logarithmic manner.
The temperature is fixed at 20.0 ◦ C in these measurements. The straight line with the slope of 1.5 is the
results of the least squares analysis.

The least squares analysis shows that the concentration dependence of the friction coefficient is
well expressed by a power law relationship as,

f ∝ ϕ1.5. (9)

The scaling suggests that both the collective diffusion coefficient of gel and the elastic modulus of
gel can be written as a function of the concentration as follows [23]:

Dc ∝ ϕ3/4, (10)

E ∝ ϕ9/4. (11)

Equation (8) with the above scaling relationships reveals that the friction coefficient of gel scales
with the exponent of 6/4 for the power law relationship. The concentration dependence of the
friction coefficient obtained here is in good agreement with the scaling theory. The results are
also explained from the molecular structure of gel. When the pressure is applied to the system,
water flows through the open space of the polymer network of gel. The gel is, therefore, regarded
as the assembly of the pore. The rate of water flow is assumed to be proportional to the viscosity of
the fluid, η, and is inversely proportional to the cross section of the pores. The cross section of the
pores in gel is reasonably assumed to be proportional to the square of the correlation length of gel, ξ :

f ∝
η

ξ 2 . (12)

It is suggested by the scaling theory that the correlation length of the polymer network depends
on the concentration of gel as follows [23]:

ξ ∝ ϕ−3/4. (13)

The scaling again results as f ∝ ϕ1.5. Equation (12) is rather useful when the friction coefficient of
gel is discussed in terms of the structure of the gel.

Finally, the friction of PAAm gel is measured as a function of the cross-linking density. It is
expected that the size of the pores in the polymer network of gel decreases with the cross-linking
density of gel. In other words, the correlation length of the polymer network of gel decreases
with the concentration of BIS. Therefore, it may be natural to assume that the friction coefficient
of gel increases with the concentration of BIS according to Equation (12). However, the results,
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as shown in the Figure 7, clearly indicate that the friction of PAAm gel decreases with the concentration
of BIS. In addition, it is also found that gel becomes translucent with the concentration of BIS and
finally the gel becomes completely opaque when the concentration of BIS exceeds 3 % in mole fraction.
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Figure 7. The cross-linker concentration dependence of the friction coefficient of PAAm gel. The total
concentration of gel is fixed at 700 mM, and the mole fraction of the cross-linker is varied.

The increase in turbidity of the gel indicates the appearance of the density fluctuations in the
polymer network of gel. The density fluctuations that appear in the present system are irreversible
and independent of time, and hence, it indicates that the polymer network of gel itself is spatially
non-uniform. In contrast, gel is transparent as long as the mole fraction of BIS is less than 3%. The friction
of gel, however, clearly decreases with the concentration of BIS even in the concentration region where
the transparent gels are obtained. These results thus strongly suggest that the seeds of the density
fluctuations emerge in the polymer network of gel at a lower concentration region where gel looks
completely transparent. The frictional property of gel, therefore, reflects the spatial homogeneity of gel
in an extremely sensitive manner. However, we have to wait for the advancement of new technology
that provides us with observations of the structure of the polymer network of the opaque gels in real
space, such as the confocal laser scanning microscope (CLSM), for further detailed discussion of the
phenomenon. We will return to this point again in the later section.

4.2. Friction of Non-Uniform Gel

Many studies have been devoted to clarifying the relationship between the chemical structure
of the monomer unit and the biological phenomena [29,30]. Among others, the finding of the
volume phase transition in poly(N-isopropylacrylamide) gel (PNIPA gel) is of importance since
PNIPA gel shows the volume phase transition in response to the temperature change under water [31].
The transition in PNIPA gel is thought to be a result of the hydrophobic interaction between the
N- isopropylacrylamide (NIPA) residues in the polymer chain. According to the fact that PNIPA gel
shows the volume phase transition in water, the gel is widely used to study the aspects of the volume
phase transition of the gel, for instance, such as the critical kinetics of the volume phase transition
of gel [32]. One of the unsolved phenomena currently is the critical behavior of the friction of gel
in the vicinity of the volume phase transition point. It is expected in the early stage of the studies
of the volume phase transition of gel that the friction of gel becomes smaller in the vicinity of the
volume phase transition point of gel [9]. Therefore, the critical behavior of the friction is studied in
the vicinity of the volume phase transition temperature of PNIPA gel [33]. The results are given in
the Figure 8. The results clearly indicate the drastic decrease of the friction coefficient of gel in the
vicinity of the volume phase transition temperature. The friction coefficient of gel decreases more than
three orders of magnitude as the temperature approaches the volume phase transition temperature.
The change of the friction coefficient of gel is reversible against the temperature change. The results
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indicate that the reversible decrease of the friction coefficient of gel is caused by the emergence of the
critical density fluctuations in the polymer network of gel. The characteristic time scale for the density
fluctuations becomes longer in the vicinity of the phase transition point, and hence, the polymer
network of gel looks like an assembly of the large pore of the radius that corresponds to the correlation
length of the density fluctuations, ξ . Water flows through the open space that is created by the lower
density regions of the polymer network, avoiding the denser region that blocks the flow. It is reasonably
assumed that the correlation length of the density fluctuations diverge in the vicinity of the volume
phase transition point. The friction of the polymer network of gel, therefore, becomes smaller and
it practically vanishes at the phase transition point. The critical exponent for the divergence of the
correlation length near the critical point is also estimated from these results. We, however, observed a
relatively large discrepancy with the expected value. It is clear from the swelling curve of gel that is
shown in Figure 8 that the isochore conditions employed here do not hit the exact critical point of gel.
Therefore, the critical exponent we obtained here corresponds to the off-critical value. Although the
critical slowing down is observed by the friction experiment of PNIPA gel, the critical behaviors of gel
is still open to question.
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Figure 8. The temperature dependence of the swelling ratio of gel (left; V /V0) and that of the friction
coefficient of poly(N-siopropylacrylamide) (PNIPA) gel that is normalized by the viscosity of water
(right; f (T )/η(T )). The friction is measured under a constant volume condition that is shown in the left
figure as an arrow. Open circles are used in the increasing of the temperature and solid circles are used
in the lowering of the temperature.

4.3. Friction of Colloid Gel

It is found that the friction of PAAm gel decreases with the cross-linking density in the previous
section. The results suggest strongly that the non-uniform density fluctuations are frozen into the
polymer network of gel whenever the cross-link is introduced. The structure of the polymer network
of gel, therefore, may change if the concentration of BIS is increased further. The detailed study on
the structure of the polymer network of gel, therefore, should be made firstly. Then, the relationship
between the structure and the frictional properties of gel is discussed.

The formation of PAAm gel has been studied in detail by changing the concentration of AAm and
BIS drastically. The results are expressed as a kind of phase diagram [34]. It has been found that PAAm
gel becomes turbid at higher concentration regions of BIS. Therefore, the turbidity change of PAAm
gel itself is a well known phenomenon. The structural study of opaque gels at these concentration
regions has been also made by using spectroscopy techniques [35]. Although these studies strongly
suggest the formation of the cluster of BIS in the opaque gel, the structure of the opaque PAAm gel in
real space could not be obtained.

The idea of the confocal scanning microscopy has been reported in 50’s [36]. It became a popular
technique when the laser was used as the light source in the 1980s as the confocal laser scanning
microscope (CLSM). Firstly, CLSM was used in the research area of biology, and eventually, it spread to
the research area of materials science. In the area of gel science, the structure of PNIPA gel was firstly
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studied using CLSM. It is well known that PNIPA gel also becomes opaque if the reaction temperature
is raised to 30 ◦C or more. The network structure of such opaque PNIPA gels is solved by CLSM
imaging technique [37]. We also study the structure of the opaque PAAm gel [38]. In Figure 9, CLSM
images of the opaque PAAm gel are shown.

40X10X 100X

Figure 9. The confocal laser scanning microscope (CLSM) images of opaque PAAm gel. The
magnification of the image is 10×, 40×, and 100× from left to right. The length of the side of
these images is 189 μm, 48.8 μm, and 18.9 μm from left to right. The concentrations of AAm and
N,N-methylenebisacrylamide (BIS) are 350 mM. The total concentration is 700 mM and the mole
fraction of BIS is 50%. The squares in the image of 10× is the observation area of 40× observation. The
square in the image of 40× is the observation are of 100× observation. These squares only show the
relative size of the images and are shown only for a guide to the eye.

The total concentration of PAAm gel observed here is 700 mM and the mole fraction of the BIS
is 50%. The images of the same gel are gained at various magnifications. The magnifications of the
images are 10×, 40×, and 100×. The brighter portion in the images corresponds to the dense region of
AAm and BIS, and the darker region is the dilute region of AAm and BIS. It is clearly shown that the
opaque PAAm gel consists of the aggregate of the colloidal particles from these images. The detailed
analysis of the confocal images of the opaque PAAm gel yields that the density of the particle is of the
order of 1 × 103 kg/m3. The density of the particle is almost the same as that of AAm and BIS in the
solid state. Both AAm and BIS are densely polymerized into a sphere of the colloidal dimension. The
particles thus formed in the opaque gels are, therefore, regarded as a hard sphere. In addition to this,
the small angle neutron scattering from the opaque gel strongly suggest that gel is a fractal with the
fractal dimension of Df � 2.7 [39–42]. The results suggest that the colloidal particles of AAm and BIS
are formed and they aggregate by the process of the diffusion limited aggregation or the cluster-cluster
aggregation process. We expect that water can easily flow through the darker portion in the colloidal
gel since the mass is mostly localized in the colloidal particles, and, hence, the darker portion of the
image serves as the open pore for the fluid flow. The friction experiments are made in the higher
concentration region of BIS in gel. The results are given in Figure 10 [43].

It is found that the friction coefficient of gel decreases more than four orders of magnitude
when the mole fraction of BIS is increased to 0.2 or more. The opacity of gel increases at the same
concentration of BIS where the drastic decrease of the friction occurs. This suggests strongly that
the structure of the polymer network of gel changes from the uniform polymer network to the
colloidal aggregate. In accordance with the structural transition of the polymer network of gel, the
friction of gel decreases more than four orders of magnitude. The friction of the opaque gel can be
explained in terms of the structure of gel because the structural parameters can be deduced from
the CLSM images. First of all, the density of the particle is high, and is almost the same as AAm
and BIS in a solid state. Secondly, the particle is more or less spherical in shape. The particles are
regarded as hard spheres. Water thus flows around the aggregates of hard spheres experiencing
the hydrodynamic friction. Since the density of the sphere is almost the same as that of the solid,
the aggregates only behave as the fixed obstacles for water flow. If only one solid particle of radius
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R is suspended in the flowing fluid, the hydrodynamic friction due to the particle is expected to
be fobstacle = 6πηR. In the colloid gel, however, N particles are included in a unit volume of gel.
The friction of the colloid gel thus becomes

fobstacle = N6πηR. (14)

Here, N represents the number of colloid particle in a unit volume of gel. Both N and R are
calculated from the CLSM images of gel that are used as the samples of the friction experiments.
Then, the friction of gel is calculated by using Equation (14). The calculated values show the
same concentration dependence with the experimental results. The numerical values are, however,
about one-half of the experimental values. One of the reasons for this discrepancy arises from the
resolution limit of the CLSM that the focal plane of the CLSM has a finite thickness. In the case of
the present system, the thickness of the focal plane is about 1 μm according to the manufacturer. In
addition, the size of the particle in the present case is comparable with the thickness of the focal plane.
Therefore, the overlap of the particles in the depth direction in the CLSM image is unavoidable. The
number of the particle, N , that is simply calculated from the CLSM image therefore underestimates
the actual number of the particle contained in the image. The friction of gel thus calculated becomes
smaller than the actual values of the friction. The details are given in the previous reports [43,44].
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Figure 10. The cross-linker concentration dependence of the friction coefficient of PAAm gel at higher
concentration region of BIS (open circles). The results shown in Figure 7 are also plotted in this figure
(solid circles). The gels are prepared at a total concentration of 700 mM, and the mole fraction of the
cross-linker is changed.

5. Conclusions

We review the probe diffusion of gel and the hydrodynamic friction of the polymer network. It is
found that the diffusion coefficient of compact molecules in gel is well described by the scaling theory.
The essential parameter that determines the diffusion coefficient is the ratio of the tow sizes, R/ξ , where
R is the radius of the probe molecule and ξ the mesh size of the polymer network. In the study, most
probe molecules are rather small and compact, and, hence, the scaling results are natural. In addition
to this, it is also interesting that the diffusion coefficient of poly(ethylene glycol) follows the same
scaling law since poly(ethylene glycol) is a linear polymer. In designing the diffusion experiments,
we expected different diffusion mechanisms for poly(ethylene glycol), that is, the diffusion by the
reptation [45,46]. The molecular weight of poly(ethylene glycol) used in the diffusion experiments
is 200, which indicates that the polymer consists of only about five monomers. The results indicate that
polymers of this size can be regarded as compact molecules. Hence, the diffusion experiments using
the longer linear polymers is of interest for establishing the entire physical picture of the diffusion in
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gel. Since we have obtained the simplest view of the diffusion in gel, it may be of interest to study the
system where the probe molecule interacts with the polymer network strongly through the typical
interactions such as the hydrophobic interaction, the electrostatic interaction and so forth. Further
detailed study on the diffusion in gel is required.

The results of the frictional properties of the polymer network of gel is also easily explainable
by the scaling theory. The friction of the polymer network is essentially determined by the mesh size
of gel. The measure of the mesh size of gel is the correlation length of the polymer network, ξ . In
Equation (12), however, we only assume the proportionality between the friction coefficient and the
correlation length, f ∝ η/ξ 2. Thus, the numerical coefficient of this equation is not clear at present. It is
well known that the Hagen–Poiseuille flow is one of well defined flow in hydrodynamics:

P = 8ηL
v

r 2 ,

where P , L, r , andv are the hydrodynamic pressure, the length of the capillary, the radius of the capillary,
and the velocity of the flowing fluid. Taking into account Equation (12), one obtains the proportional
constant of eight for the friction of the capillary of radius r [47]. It seems that the proportional constant
for Equation (12) depends on the structure of the system. Therefore, it will contribute in designing the
flow through the porous medium if the numerical coefficient of Equation (12) is clarified. The frictional
studies of the well defined gel or the combined experiments of the structure and the friction as well as
the theoretical studies are required for understanding the flow processes in gel.

The diffusion of the molecule, which is dissolved in gel fluid, and the flow of gel fluid are
independent phenomena from each other because the origin of the driving force for each process is
not the same. Therefore, both transport processes can occur simultaneously in a system as is seen
in the pattern formation in the shrinking gel. The well defined experimental study of such systems
is of interest for obtaining information on the general transport phenomena in the soft material.
For instance, it is expected that the crossover from the transport by flow to that by diffusion will occur
at an extremely low pressure gradient. The detailed study of the crossover phenomena may open new
insights into transport phenomena in biological systems.

Acknowledgments: The author thanks the Ministry of Education, Science, Sports, and Culture of Japan for the
financial support (Grant-in-Aid fro Scientific Research, No. 06640523, No. 08640504, and No. 09440153). A part
of this work is also supported by the International Joint Research Program of the New Energy and Industrial
Technology Development Organization (NEDO).

Conflicts of Interest: The author declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

PFG-NMR: Pulsed Field Gradient Nuclear Magnetic Resonance
AAm: Acrylamide
PAAm gel: Poly(acrylamide) gel
NIPA: N-isopropylacrylamide
PNIPA gel: Poly(N-isopropylacrylamide) gel
BIS: N, N-methylenebisacrylamide (cross-linker)
CLSM: Confocal laser scanning microscope
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Abstract: Adhesive processes in aqueous media play a crucial role in nature and are important for
many technological processes. However, direct quantification of adhesion still requires expensive
instrumentation while their sample throughput is rather small. Here we present a fast, and
easily applicable method on quantifying adhesion energy in water based on interferometric
measurement of polymer microgel contact areas with functionalized glass slides and evaluation via
the Johnson–Kendall–Roberts (JKR) model. The advantage of the method is that the microgel matrix
can be easily adapted to reconstruct various biological or technological adhesion processes. Here we
study the suitability of the new adhesion method with two relevant examples: (1) antibody detection
and (2) soil release polymers. The measurement of adhesion energy provides direct insights on the
presence of antibodies showing that the method can be generally used for biomolecule detection. As a
relevant example of adhesion in technology, the antiadhesive properties of soil release polymers used
in today’s laundry products are investigated. Here the measurement of adhesion energy provides
direct insights into the relation between polymer composition and soil release activity. Overall, the
work shows that polymer hydrogel particles can be used as versatile adhesion sensors to investigate
a broad range of adhesion processes in aqueous media.

Keywords: biomimetic hydrogel; biointerface; elastic solids; contact mechanics; poly(ethylene glycol)
(PEG); soft colloidal probe; reflection interference contrast microscopy (RICM)

1. Introduction

Adhesive processes in aqueous environment are of great importance, e.g., in biology where crucial
cellular functions are controlled by biological interfaces decorated with carbohydrates, proteins or
lipids. Controlling adhesive interaction under water is also very important in technology, e.g., mussel
adhesion on surfaces of ships as well as for cleaning processes or controlling the haptic sensation of
surfaces [1,2]. On the molecular level, adhesion phenomena are typically indirectly studied using
methods like quartz crystal microbalance, surface plasmon resonance or fluorescence microscopy [3,4].
These methods simply relate adhesion to the adsorbed amount of the molecules of interest. However,
without direct measurement of adhesive interactions these methods provide only limited insight into
the underlying mechanisms. Alternatively, direct force measurements by atomic force microscopy
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(AFM), surface force apparatus are suitable to directly study adhesion phenomena between material
surfaces [5–7]. In addition, such adhesion assays offer information on the nature of the interaction;
for example, discrimination between specific and non-specific binding. However, these methods are
often expensive, not easy to operate and slow when compared to other analytic techniques. Therefore,
we have developed a fast, easy-to-use method that can be adapted to investigate and quantify a broad
range of adhesion phenomena in aqueous environment. The method uses soft hydrogel microparticles
(soft colloidal probes, SCPs) as adhesion sensors on glass surfaces functionalized with a suitable binding
partner. The working principle of adhesion measurements based on hydrogel SCPs is schematically
explained in Figure 1. When adhering to a functionalized glass coverslip surface, the SCPs undergo
mechanical deformation due to their soft, gel-like structure [8,9]. The mechanical deformation can be
related to the adhesion energy of the SCP with the surface by means of the Johnson–Kendall–Roberts
(JKR) model of adhesion [10]:

Wadh =
Ee f f a3

6π R2 (1)

where a is the radius of contact, R radius of the SCP and Eeff = [4E/3(1 − ν2)] its effective elastic
modulus, with ν the Poisson ratio and E the elastic modulus of the SCP. Technically, the read-out of
adhesion energies is straightforward and fast. First, E can be determined batch-wise for a large amount
of SCPs by force-indentation measurements using an atomic force microscope. Assuming volume
conservation ν can be taken as 0.5 in order to determine Wadh. SCPs of well-known mechanical
properties are then subject to adhesion on various sample surfaces where a and R can be directly
measured by an interferometric technique (reflection interference contrast microscopy, RICM) [11].
An additional advantage of this method is that PEG hydrogel particles as adhesion sensors show
reduced non-specific binding to material surfaces and impurities due to the strong hydration of
the PEG matrix. In addition, by functionalizing the PEG matrix with various molecules, including
proteins [12], peptides [13] or carbohydrates [14], the assay can be adapted in a straightforward fashion
to study adhesion phenomena in different contexts and application areas. Due to their biomimetic
properties, SCPs have recently been successfully used as AFM probes to investigate interactions of
cells [15] and biomaterial surfaces [16,17].

 

Figure 1. Principle of the Johnson-Kendall-Roberts (JKR) adhesion measurements with colloidal probes
and typical reflection interference contrast microscopy (RICM) images (bottom) right before and after
SCP adhesion. The dark area in the middle signifies the soft colloidal probe (SCP) contact area with the
solid support.

Here we now focus on testing the applicability of the method in two applied areas, (1) detection
of antibodies and (2) investigation of soil release processes of polymeric detergent additives. Given the
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commercial importance of these two areas, new ways of studying the underlying molecular interaction
measurements is important. For instance, antibody detection is of great importance in medical
diagnostics. Increased levels of antibodies in blood generally indicate exposure to certain antigens.
Medical diagnostics routinely quantifies antibody concentrations in blood, which can be related to
the presence of certain pathogenic antigens such as human immunodeficiency virus (HIV), measles
or hepatitis [18]. More recent developments in antibody detection are directed towards diagnosis of
cancer or autoimmune diseases [19,20]. The enzyme linked immunosorbent assay (ELISA) is the most
commonly used antibody detection method due to its comparatively high sensitivity and selectivity.
However, extensive cleaning procedures are required in order to achieve sufficiently high selectivity,
which often hampers routine application of ELISA in medical diagnostics due to economic reasons.
Therefore, here we aim at antibody detection by measuring the adhesion between antigen-coated
hydrogel SCPs that capture antibodies and surfaces functionalized with protein A, an antibody binding
protein. The potential advantage of this approach is that the extensive cleaning procedures usually
required in ELISA would be significantly reduced. Sensitivity and selectivity are shown by determining
the detection limit of the method as well as performing the assay in presence of interfering protein
impurities. In the second application of the SCP adhesion assay, we investigate the ‘soil release’ activity
of various polymer samples. Soil release polymers are often present in modern consumer detergent
for fabric cleaning. They are supposed to fulfill two basic functions: (1) hindering redeposition of the
soil (e.g., fats) from the washing solution to the fabric during washing, (2) formation of a protective
coating on the fabric right after washing to enhance release of acquired hydrophobic soil in the next
washing step. For both processes, it could be stated that soil release polymers act as antiadhesives.
There is a range of polymers that have been empirically identified as soil release active. However, the
soil release process and the underlying working principle of the active polymers so far have not been
studied systematically. Therefore, we set out to mimic the adhesion of cotton fabrics on oily materials
using functionalized SCPs and then quantitatively study the antiadhesive properties of various soil
release polymers.

2. Results and Discussion

2.1. Synthesis and Functionalization of SCPs with Adhesion Molecules

As outlined in Figure 2, SCPs with a hydrogel matrix were prepared by crosslinking of
poly(ethylene glycol) (8 kDa) diacrylamide (PEG8kDa-dAAm) macromonomer droplets in 1 M Na2SO4

in water following previously established protocols [8]. For the two adhesion assays, antibody detection
and soil release polymer characterization, two types of SCPs were prepared: antigen and cellobiose
functionalized SCPs. In order to introduce coupling groups for the antigen and cellobiose for the
adhesion assay, crotonic acid (CA) was grafted in the PEG-dAAm network under UV irradiation using
benzophenone as active photophore [21,22]. Accordingly, PEG-CA SCPs with a CA functionalization
degree on the order of 120 μmol CA per 1 g PEG-CA were obtained as measured via Toluidine blue O
(TBO) titration.

 

Figure 2. Sythetic route toward bovine serum albumin-fluoresceine isothiocyanate (BSA-FTIC) SCPs
and cellubiose SCPs based on PEG-dAAm microgels.
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For the preparation of antigen functionalized systems, fluoresceinisothiocyanate (FITC) was
chosen as a model antigen. In order to functionalize SCPs with FITC, we used bovine serum
albumin (BSA) as a carrier. First, BSA was coupled to the SCPs by activating the CA groups with
ethyl dimethylaminopropyl carbodiimide (EDC) and N-hydroxysuccinimide (NHS) before binding
the protein to the SCPs. Then the SCPs were cleaned and directly reacted with FITC that binds to the
nucleophilic amino acid side chains of BSA, resulting in BSA-FITC SCPs. Successful functionalization
of the SCPs could be readily confirmed by fluorescence microscopy detecting the presence of FITC on
the SCPs (Figure 3). For the preparation of cellobiose-functionalized systems mimicking cotton fabrics,
PEG-CA SCPs were reacted with the carbodiimide, activating the carboxylic acid groups to then form
an ester with cellobiose. The degree of cellobiose functionalization was measured by an additional
titration step with toluidine blue that essentially yielded the reduction of carboxylic acids due to
esterification upon cellobiose coupling. The conversion was on the order of 90%, i.e., functionalization
degrees on the order of 100 μmol g−1 were achieved. Taking into account the molecular weight of
PEG-dAAm chains of 8000 kDa, this means that circa 0.8 cellobiose units per macromonomer were
bound to the SCPs. Successful functionalization could be additionally confirmed by optical microscopy,
where the TBO-labeled PEG-CA SCPs show a strong blue color that becomes significantly less intense
in the case of cellobiose SCPs (Figure 4), indicating cellobiose functionalization. The elastic modulus of
the final SCPs was determined by AFM force-indentation measurements (Figure S1) and evaluation
with a recently introduced model [23]. This model considers that the SCPs deform at the indenter
site and the contact site with the solid substrate. The model further assumes linear elasticity, which is
justified by the fact that the deformation during force indentation measurements does not exceed 0.2%
with respect to the particle’s diameter. Both the BSA-FITC SCPs and cellobiose SCPs showed an elastic
modulus of around 60 kPa.

 

Figure 3. Fluorescence microscopy of BSA-FITC SCPs without addition of antibodies (left) and after
addition of antibodies (right). Reduction on fluorescence intensity is due to quenching upon antibody
binding and signifies specific interaction of the antibody with the SCPs.

 

Figure 4. Toluidine blue (TBO) stained PEG SCPs before functionalization with crotonic acid (CA) (left).
After CA functionalization PEG-CA SCPs bind TBO and acquire a dark color (middle). Reduced take-up
of TBO after functionalization of CA groups with cellobiose (right).
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2.2. Detection of Antibodies with a Combined SCP Pull-Down and Adhesion Assay

The FITC represent the model antigen in the adhesion assay with BSA-FITC SCPs. The overall
concept is to capture the antibody from solution with the SCPs (pull-down assay) and then to detect
the presence of the antibody by the actual SCP adhesion measurement (Figure 5). The FITC antibody
used in this work belongs to one of the most important antibody subclasses-IgG (immunglobulin G)-as
most clinic applications with antibodies rely on this subtype. IgG antibodies are composed of two
identical heavy chains and two identical light chains which form the characteristic Y-shaped quaternary
structure by intramolecular disulfide bonding. The two antigen binding sites are each formed by a
light and heavy chain. The third specific binding site is formed only by the heavy chain, the so-called
Fc-region at the base of the “Y”. The specific affinity to the respective antigens is due to the large
variability of amino acid sequences of the light chain, whereas the heavy chains are always identical
for each antibody subtype [18]. Therefore, all antibodies belonging to the IgG subtype can be detected
by specific binding at the Fc site. Here we use protein A as specifically interacting species binding to
the Fc region in order to detect the antibody by means of adhesion. Additionally, for a preliminary test,
the specific binding of the antibody to BSA-FITC SCPs can be visualized by fluorescence microscopy.
This is due to fluorescence quenching of FITC when binding to an antibody [24]. The fluorescence
microcopy measurements confirm binding of the antibody to the FITC-BSA SCPs, as can be seen by
the ~30% reduction in fluorescence intensity (Figure 4). The reduction in intensity at the SCPs is lower
as compared to experiments with FITC in solution [24], possibly because of a dense functionalization
of BSA with FTIC.

 

Figure 5. Procedure of the SCP adhesion assay. First BSA-FITC SCPs are incubated in antibody solution.
Then they are cleaned by centrifugation and washing (a). Next, the SCPs adhesion is measured
on protein A slided (b). The micrographs show images of an untreated (left) and antibody treated
BSA-FITC SCP (right). After measurement of the contact area, the JKR plots reveal the adhesion
energies of the SCPs (c). Note that drawings in (b) are not to scale and are presenting an idealized
orientation of the binding partners for clarity.

Having confirmed the specific interactions of the IgG antibody with the BSA-FTIC SCPs,
the adhesion energies of SCPs were measured on a protein A slide as a means to detect the antibodies
(Figure 5b). In a first study, the BSA-FITC SCPs were incubated for two hours in a 0.1 mg mL−1

solution of the antibody in phosphate buffered saline (PBS). Next, the SCPs were centrifuged and
washed with PBS three times to remove unbound antibodies. The protein A surface was prepared
simply by allowing physisorption of protein A on the cleaned hydrophilic glass coverslips followed by
physisorption of BSA on the coverslip to reduce non-specific binding sites. Next, the actual adhesion
measurement was conducted by adding the SCPs to the coverslips in PBS. As expected, the contact
areas of the SCPs with the protein A surface were significantly larger for SCPs treated with the antibody
as compared to the negative control without antibodies due to the binding of the Fc-region with the
protein A slides (Figure 5b). The contact areas versus SCP radius data could be fitted by equation 1 in
order to obtain the adhesion energies of the SCPs (Figure 5c).
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The adhesion energy of antibody-treated SCPs was roughly 20 times larger as compared to SCPs
without antibody (Figure 6a) Next, the antibody detection limit was studied by charging the SCPs
in solutions with antibody at concentrations ranging from 1 ng to 1 mg (Figure 6b). For antibody
concentrations below 1 μg mL−1, the adhesion energies did not increase compared to the negative
control. Therefore, for the SCPs system established here, the detection limit is approximately 1 μg mL−1.
For comparison, the majority of commercial ELISA kits for protein analysis claim detection limits in the
sub ng mL−1 range. Advanced ELISA methods may even reach detection limits in the lower pg mL−1

regime [25–27]. In unfavorable cases of low affinity between antibody and antigen in the micromolar
range, the ELISA detection limit is increased up to 100 ng mL−1 [28]. Nevertheless, with a detection
limit of 1 μg mL−1, the SCP assay proved to be inferior to typical ELISA assays. The main reason
could be the requirement of having both the protein A and the antibody at the glass surface and the
SCP orientated in the right direction, so that they face each other in order to bind the antibodies Fc
site. In case of the protein A surface, optimizing the orientation should be less important. The protein
possesses five homologous binding sites for the FC-region of which a sufficient number is always likely
to be accessible even if protein A is bound to a surface. However, the antibody is firmly bound to the
crosslinked SCP network presenting the antigens, which means that the orientation of the Fc site is
fixed, such that only a fraction of antibodies is able to bind to the protein A surface. Such hindrance is
not present in classic ELISA assays where the analyte antibody is bound to a planar antigen surface
from a freely dissolved state and then detected by reporter antibodies from solution. Therefore, in
order to improve the detection limit of the SCP-antibody assays the elastic modulus of the SCPs
should be decreased, e.g., by reducing crosslinking. This would allow larger (thermal) fluctuations
of the network, and the SCP-bound antibodies would have more degrees of freedom and spatial
reach to “find” protein A binding sites. Both protein A and antibodies have hydrodynamic diameters
on the order of 10 nm. Thermal fluctuations of the PEG network should be of similar magnitude
in order to allow sufficient probability that the orientation of the binding sites match. According to
theory [29], this could be realized by polymer networks with an elastic modulus below 10 kPa, whereas
the PEG-SCPs network used in this work had an elastic modulus of 60 kPa providing only fluctuations
on the order of 3 nm. Another advantage of using softer PEG networks would be that the SCPs contact
areas with the glass slide increase upon adhesion, thereby improving the sensitivity and detection
limit of the method.

Figure 6. Results for SCPs adhesion assays for antibody detection. (a) Adhesion energies of BSA-FITC
SCPs after incubation with antibodies (AB) on protein A slides. Measurements without antibody
treatment were conducted as negative control. Measurements in presence and absence of 50 mg mL−1

BSA were conducted to investigate the selectivity of the method. (b) Measurement of BSA-FITC SCPs
treated in different concentrations of antibody solution show that the detection limit is on the order of
1 μg mL−1 antibody.

In another assay, the SCPs were charged with antibodies in presence of 50 mg mL−1 BSA to
test the feasibility of SCP-based antibody detection from impure solutions (selectivity). The applied
amount of BSA reflects typical concentrations of serum albumin in blood. Evaluation of the contact
areas showed that the overall adhesion of antibody-containing SCPs was drastically reduced (factor of
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ten) as compared to SCPs charged with pure antibody solution. Nevertheless, the adhesion energies of
SCPs prepared from antibody-containing solutions were still larger by a factor of two as compared to
the negative control, SCPs treated with 50 mg mL−1 BSA solution containing no antibodies (Figure 6a).
The significant reduction in adhesion when incubating the SCPs in presence of BSA is most likely
due to non-specific binding of BSA to the SCPs, which then interferes with the specific antibody
binding. Unfortunately, the mere use of PEG as carrier material for antigens is not sufficient in order to
significantly reduce non-specific protein interaction, although PEG hydrogels are widely believed to be
protein-repellent materials. Our finding is in line with recent studies showing that the protein-repellent
properties attributed to PEG are in fact due to a protein corona that forms around PEG in blood [3].
This means that PEG does interact non-specifically with serum albumin. Therefore, in order to reduce
non-specific interactions, treating the antigen/antibody surface with detergents like Tween® is still
required as is also the case for classic affinity assays including ELISA and the like.

Overall, we have successfully shown that the adhesion-based SCP assay allowed the detection
of antibodies. For a proof-of-principle experiment, sensitivity and selectivity were not expected to
match the performance of well-established methods that evolved and improved over decades like
ELISA. Nevertheless, by further reducing non-specific binding and using significantly softer SCPs
with increased sensitivity, further improvements in terms of sensitivity and specificity seem possible.

2.3. Characterization of Soil Release Polymers by SCP Adhesion Assays

As discussed above, adhesion phenomena are ubiquitous in nature and technology.
Improved understanding of these processes is best obtained by developing assays that allow mimicking
and quantifying the underlying adhesion phenomena. Therefore, here we adapted the SCP adhesion
assay to study soil release polymers that are used as antiadhesives and antiredeposition agents in
laundry processes. The adhesion between cellobiose functionalized SCPs and a hydrophobic surface
is investigated to mimic a typical laundry situation, i.e., cotton fabrics soiled with oily substances.
Cellobiose is composed of two glucose units, the same building block that constitutes cellulose and used
here as soluble cellulose substitute. As a mimic for an oily substance, glass slides were functionalized
with a hydrophobic trichloro(octadecyl)silane by chemical vapor deposition. The contact angle of
these surfaces was larger than 90◦ indicating the high hydrophobicity of the surface and successful
silanization. Next, we studied the adhesion energy of the cellobiose SCPs on the hydrophobic surfaces
by RICM contact area measurements and evaluation with the JKR model (Figure S3). The adhesion
energy of the cellobiose SCP with the hydrophobic surface (Figure 7a) was used here as a reference
to test the antiadhesive properties of soil release polymers. The adhesive energy was on the order
of 1700 μJ m−2, which is in the expected range of adhesion energies in water for hydrophilic gels on
hydrophobic surfaces [30]. The soil release effect was studied with four different polymers that are
potential candidates as washing additive (Table 1).

 

Figure 7. Sketches of adhesion experiments with soil release polymers (top) and typical SCP contact
areas (bottom). (a) adhesion of bare cellobiose SCPs on hydrophobic glass as reference; (b) in presence
of polymer samples (antiredepostion experiment); (c) after removal of the polymers by centrifugation
and washing (antiadhesive coating experiment); (d) direct binding of cellobiose SCPs on polymer
surfaces (direct binding experiment). Scale bars: 2 μm.
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Table 1. Soil release polymer samples and adhesion energy from the three different assays. a Direct
binding experiment between cellobiose SCP and hydrophobic surface. b Polymer was physisorbed on
the glass/glymo slide.

Polymer
Adhesion Energies [μJ m−2]

Antiredeposition Antiadhesive Coating Direct Binding

none/reference 1700 a

Poly(propylene terephthalate)-co-Poly(ethylene
glycol) (nonionic) PPT-co-PEG 41 1038 38 b

Copolymer A: cationic/neutral hydrophilic
ratio 22:78 163 480 91

Copolymer B: cationic/neutral hydrophilic
ratio 70:30 306 1020 126

Poly(acrylamide) 1142 1429 243

Soil release polymers usually consist of two building blocks. The first one is the driver for
the adsorption of the polymer on the textile, the second one provides hydrophilicity and prevents
hydrophobic stains to deeply penetrate the fibers. For example, for polyester fabrics, common soil
release polymers are polyesters of terephthalic acid, propylene glycol and poly(ethylene glycol).
The polymer structure mimics the poly(ethylene terephthalate) (PET) garment chemistry while the
PEG component hydrophilizes the surface [31]. On the other hand, for cotton textiles a copolymer
consisting of a quaternary ammonium-bearing monomer and a neutral hydrophilic monomer would
be better suited, where the cationic monomer acts as an anchor group for the slight anionically
charged cotton fiber while the neutral comonomer provides hydrophilicity to the surface. To test the
proposed mechanisms, three different experiments were conducted: (1) adhesion of cellobiose SCPs on
hydrophobic surface in presence of soil release polymers in the solution (antiredeposition experiment,
Figure 7b); (2) adhesion to the hydrophobic surface with cellobiose SCPs that were pre-treated and
washed with soil release polymers. This experiment reflects the antiadhesive properties of soil release
polymer coatings post washing (antiadhesive coating experiment, Figure 7c); (3) direct binding of
cellobiose SCPs on soil release polymer surfaces (direct binding experiment, Figure 7d). A selection of
the SCP adhesion data and JKR-evaluation is shown in Figure S2.

For the first experiment with the soil release polymers, a cellobiose SCP solution containing
1 mg mL−1 soil release polymer was allowed to adhere on the hydrophobic surfaces. In this experiment,
the polymer is present in solution during adhesion and thus allows studying the activity of the soil
release agents during the washing step (Figure 7b). As expected, in presence of the soil release polymers,
we observed a reduction of the adhesive energy between cellobiose SCPs and the hydrophobic
glass slide. The overall trend was that non-ionic hydrophilic copolymer PPT-co-PEG achieved the
strongest reduction in adhesive energy, whereas copolymers combining cationic groups and neutral
hydrophilic monomer resulted in slightly increased adhesion (Table 1). This confirms the extraordinary
antiadhesive properties of the PEG part, which could be attributed to the comparatively firm hydration
shell around PEG resulting in excluded volume effects [32]. Although generally considered as a
hydrophilic polymer, polyacrylamide is known to show strong interactions with hydrophobic surfaces
which was also confirmed in this study [33]. Overall, the significant differences in adhesion of the
hydrophilic polymers investigated to hydrophobic materials are quite intriguing and still not well
understood [34,35].

In the second experiment, the adhesion measurement was performed with polymer-treated
SCPs but in absence of polymer in the solution during adhesion (antiadhesive coating experiment,
Figure 7c). Therefore, the polymer-treated SCPs were centrifuged and washed with water to remove
the polymers from the solution. As expected, the overall adhesion energies increased compared
to experiments with polymers present in solution. Interestingly, most polymer samples showed
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comparatively large adhesion energies in the range of 1000 μJ m−2 close to the results for SCPs
without polymers. The exception is the weakly cationic copolymer A that showed a strong reduction
in adhesion energy. Interestingly, the comparative copolymer B with a higher content of cationic
groups did not achieve strong reduction in adhesion energy. It could be argued that, due to its strong
polyelectrolyte character this highly charged polymer shows lateral repulsion and therefore reduced
binding to the SCPs. The fact that the PEG-containing polymer did not achieve a strong reduction in
adhesion energy, as was the case for the first assay, could be explained by its low tendency to form a
stable antiadhesive layer on the cellobiose SCPs. As a result, it was removed from the SCPs during the
centrifugation and washing steps, which then resulted in adhesion energies that were comparable to
the pure cellobiose on the hydrophobic glass.

Finally, the adhesion energy of cellobiose SCPs on polymer surfaces was directly measured (direct
binding experiment, Figure 7d). This experiment reflects the interaction of cotton fabrics directly with
the soil release polymers. Here the cationic samples showed significant binding that increased with
the number of cationic groups. This could be explained by the attractive interactions of polycations
with cellulose [36], which also makes them potent flocculation and retention aids for cellulose in
the paper industry. The interaction was lowest in the case of the non-ionic copolymer PPT-co-PEG.
This is expected, as PPT-co-PEG does not present groups that would specifically interact with cellulose.
This explains the absence of an antiadhesive coating and the large adhesion energies observed in the
second experiment (Figure 7c) for this polymer. Interestingly, polyacrylamide showed the largest direct
binding to cellobiose SCPs, indicating that the polymer forms a stable layer on the cellobiose SCPs.
However, this coating still shows strong interactions with hydrophobic materials as confirmed by the
first two experiments (Figure 7b,c).

Overall, the adhesion assay with cellobiose SCPs treated with various soil release polymers
indicate that nonionic poly(ethylene glycol)-containing polymer provides high antiredeposition activity
when used in the aqueous phase during the washing step. Here cationic copolymers show reduced
activity; however, these polymers are more likely to form a stable film on cotton fabrics in order to
form an antiadhesive layer against hydrophobic materials post washing. This confirms the generally
believed mechanism of polymeric soil release: for cellulose-specialized soil release polymers, cationic
groups of copolymers can bind to the slightly negatively charged cellulose, whereas the neutral part
provides hydrophilicity and steric repulsion to the surface in order to reduce adhesive interactions.

3. Conclusions

In summary, a novel adhesion assay based on soft PEG hydrogel particles was established to
investigate specific interactions of antibodies and antigens as well as cellobiose on hydrophobic surfaces
in presence of soil release polymers. We tested the applicability of these assays in two commercially
relevant areas, medical diagnostics of antibodies and detergent additives. In both cases, the adhesion
assay could provide statistically significant amount of data in a short timescale compared to classic
adhesion assay by means of AFM or surface force apparatus. It should be taken into account, however,
that the adhesion method still requires the synthesis of the soft hydrogel particles for sensing, whereas
in the case of more established methods like AFM the basic sensors (e.g., silicon cantilevers) are already
available. In addition, regarding antibody detection, the SCP adhesion-based assay is still inferior in
terms of sensitivity compared to established methods like ELISA. The sensitivity of antibody detection
via adhesion of hydrogels sensors could be principally hampered due to the requirement of having the
biomolecules properly oriented on the adhering surfaces. One of the strengths of the adhesion assays
with soft, gel-like sensor particles is that it can mimic adhesive processes in nature and technology.
This was in particular useful for the analysis of the soil release polymers, where several types of
adhesion experiments could be established to decipher the mode of action of soil release polymers.
It was found that the nonionic PEG-containing polymer is very active in antiredeposition of fats in
aqueous media, whereas polymers containing cationic groups are more suited as antiadhesive coating

217



Gels 2017, 3, 31

on cellulose. The work shows that the presented SCP-RICM technique is well suited to study a large
range of adhesion phenomena in nature and technology.

4. Experimental Section

4.1. Materials

Soil release polymer samples were provided by Henkel AG & Co KGaA and used without further
purification (purity > 95%) The fluorescein antibody (polyclonal, type IgG) was produced by Rockland
Immunochemicals (Limerick, PA, USA) and obtained from Biomol GmbH (Hamburg, Germany).
All other chemicals were obtained from Sigma-Aldrich (Darmstadt, Germany). All water used here
was produced by purification system with a resistivity higher than 18.2 MΩ·cm at 25 ◦C and UV
treatment to break down organic impurities.

4.2. Soft Colloidal Probe Preparation

PEG SCPs were synthesized by crosslinking a dispersion of PEG-dAAm macromonomer droplets
in a similar manner as described previously [8,14]. PEG-dAAm (Mn = 8000 Da) (50 mg, 6.3 μmol)
was dispersed in a 1 M sodium sulfate/PBS solution (10 mL). Crotonic acid (400 μmol) were added
to adjust the elastic modulus of the SCPs to about 30 kPa. Then the UV photoinitiator Irgacure
2959 (1 mg, 4.5 μmol) was added to the dispersion and vigorously shaken and photopolymerized
under UV light. The PEG SCPs were washed with water and stored in water. The resulting particles
were 10–70 μm in diameter. Next, the PEG SCPs were grafted with crotonic acid (CA) [21]. Briefly,
water was exchanged by ethanol and benzophenone (250 mg, 1.4 mmol) and CA (1.5 g, 17.4 mmol)
were added. Then the mixture was flushed with nitrogen for 30 s and irradiated with UV light for
900 s. The PEG-CA SCPs were washed with ethanol. FITC functionalized SCPs were prepared by
first reacting the PEG-CA SCPs in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer pH 5.5
containing 0.1 M N-Hydroxysuccinimide and 0.1 M N-Ethyl-N’-(3-dimethylaminopropyl)carbodiimide
(EDC). Next, the activated PEG-CA SCPs were centrifuged, washed and added to a 0.5 mg L−1 BSA
solution in 0.1 M phosphate buffer (pH 8.0). Finally, 30 μL of a 0.5 mg mL−1 solution of FITC in DMSO
were added to 2 mL of BSA-SCPs to form FITC-BSA SCPs followed by centrifugation and washing.
Cellobiose functionalized SCPs were prepared by incubating the PEG-CA SCPs in 0.1 M MES buffer
(pH 4.5) containing 0.1 M EDC and 1 mg mL−1 cellobiose for 2 h followed by washing and washing.

4.3. SCP Characterization

AFM force spectroscopy with a NanoWizard 3 system (JPK instruments AG, Berlin, Germany)
was performed to determine the elastic modulus of the microparticles. As AFM probe a glass bead with
a diameter 4.75 μm (cellobiose SCPs) or 10 μm (FITC-BSA SCPs) was glued with an epoxy glue onto a
tipless, non-coated cantilever (spring constant 0.32 N m−1; CSC12, NanoAndMore GmbH, Wetzlar,
Germany). Several force curves were recorded for different SCPs and analyzed with an appropriate
contact model developed by Glaubitz et al. [23].

4.4. Surface Preparation

Round glass coverslips (35 mm #1, Menzel Gläser, Braunschweig, Germany) were cleaned in a
mixture of ammonia hydrogen peroxide (30%) and water (1:1:5, RCA protocol) at 70 ◦C. Protein A
coated surface, glass slides were immersed in 0.5 mg mL−1 protein A (PBS pH7.4), flushed with RICM
measurement solution (PBS pH7.4). For soil release polymer coating, glass slides were immersed in
a mixture of 182.4 mL ethanol, 9.6 mL water, 192 μL acetic acid, and 1920 μL GLYMO, shaken for
120 min, flushed with ethanol, followed by annealing for 120 min at 90 ◦C. Before RICM measurement,
the GLYMO slides were immersed in measurement solution (PBS pH7.4) containing soil release
polymers a concentration of 1 mg mL−1, shaken for 60 min, and flushed with RICM measurement
solution. Hydrophobic surfaces mimicking contact to oily soils were prepared by exposing cleaned
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coverlips to an atmosphere of trichloro(octadecyl)silane; 5 mL of the silane were cast in a glass petri
dish and placed in a vacuum desiccator with the coverslips. After adjusting a pressure of 20 mbar by a
vacuum pump, the valves were closed and the coverslips were left overnight in the desiccator. Finally,
the surfaces were rinsed with isopropanol and water followed by curing for two hours at 150 ◦C in a
drying oven.

4.5. Determination of Functionalization Degree via TBO Titration

A quantity of 0.5 mL carboxylic group functionalized SCPs dispersion was washed with ethanol
and dried under vacuum at 50 ◦C for 5 h until constant weight was reached. 1 mL toluidine blue O
(TBO) aqueous solution with a concentration of 312.5 μM at pH 10–11 was added to the dry SCPs
and shaken in the dark overnight to stain the SCPs. The stained SCP dispersion was centrifuged
for 30 min at 4400 rpm. 0.3 mL of the supernatant was diluted to 2 mL with water. The absorbance
at 633 nm of this solution was measured by UV-VIS spectroscopy and compared to the absorbance
of a TBO standard (312.5 μM TBO in aqueous solution at pH 10–11 and 1.7 mL). The carboxylic
group functionalization degree of this group of SCPs was calculated with the following equation
DCGF = NR(1 − AS/AR)/WDry, where DCGF is the carboxylic group functionalization degree, AS and
AR is the UV-VIS absorbance of sample and reference, WDry is the dry weight of 0.5 mL SCPs, NR

is the amount of TBO in the reference in units of μmol. For each group of SCPs, the TBO titration
experiment was repeated three times and the average carboxylic group functionalization degree of the
three experiments was used as the carboxylic group functionalization degree of this group of SCPs.

4.6. Reflection Interference Contrast (RICM) Measurements

RICM on an IX 73 inverted microscope (Olympus, Tokyo, Japan) was used to obtain the contact
area between the SCPs and the glass coverslip surfaces. For illumination, an Hg-vapor arc lamp
was used with a green monochromator (546 nm). An UPlanFL N 60×/0.90 dry objective (Olympus
Corporation, Japan), and uEye CMOS camera (IDS Imaging Development Systems GmbH, Obersulm,
Germany) were used to image the RICM patterns. To conduct the JKR measurements of the adhesion
energies, both the contact radius and the particle radius were measured. Images with RICM patterns
were read out using self-written image analysis software, contact areas and particle profiles were
evaluated using scripted peak finding algorithms (IgorPro Wavemetrics, Lake Oswego, OR, USA).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/3/3/31/s1.
Figure S1: A typical AFM indentation curve for SCP elastic modulus determination. The example shows a
FITC-BSA SCP after functionalization. Red circles represent data points; blue line represents fits according to
the equation above; Figure S2: Typical JKR plots (contact radii vs. SCP size) for cellobiose SCPs on alkylsilane
surfaces: direct binding experiment for cellobiose adhering to alkylsilane surface (filled circles), antiadhesive
coating experiment for copolymer A (cross symbols) and PPT-co-PEG (nonionic). Note the strongly reduced
contact areas for the cellulose specialized soil release agent copolymer A; Figure S3: Schematic drawing of the
RICM principle.
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