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Preface

Cryogelation is a simple strategy that allows the preparation of macroporous gels,
so-called cryogels, of high toughness and superfast responsivity. The term “cryogel”
was mentioned in the literature for the first time in 1984 by Vladimir I. Lozinsky to
designate polymeric gels formed in frozen media. Cryogels have attracted intense
attention in the last 10 years due to their extraordinary properties, which have
resulted in numerous biotechnological and biomedical applications. The present
volume entitled Polymeric Cryogels: Macroporous Gels with Remarkable Proper-
ties is intended to review the principles of cryotropic gelation processes as well as
the advances made during the past two decades in the preparation and application of
cryogels based on both synthetic and natural polymers. It is my great pleasure to
have Vladimir I. Lozinsky as one of the authors of this volume. I very much enjoyed
discussing many aspects of cryogels and some secrets of cryogelation processes with
him, both in Istanbul and at cryogenic temperatures in Moscow (Fig. 1).

The history of polymeric cryogels and mechanisms of their formation are
reviewed in the first chapter. Chapters “Basic Principles of Cryotropic Gelation”
and “Synthesis and Structure-Property Relationships of Cryogels” cover the basic
principles of cryotropic gelation, the synthesis—structure—property relationships of
cryogels, and some of their novel applications. Aqueous poly(vinyl alcohol) (PVA)
solutions form physical gels by cryogenic treatments, which are of great interest due
to their outstanding properties. Formation of PVA cryogels under various conditions
is discussed in detail in chapters “A Brief History of Polymeric Cryogels,” “Basic
Principles of Cryotropic Gelation,” “Kinetic Analysis of Cryotropic Gelation of
Poly(vinyl alcohol)/water solutions by Small-Angle Neutron Scattering,” and ‘“Poly
(vinyl alcohol) Cryogels for Biomedical Applications.” The structure of PVA
cryogels and the principal processes taking place during their formation are
discussed in chapter “Kinetic Analysis of Cryotropic Gelation of Poly(vinyl alco-
hol)/water solutions by Small-Angle Neutron Scattering”. An effective method for
the synthesis of polymer cryogels is the initiation of cryogelation reactions using UV
irradiation, which is reviewed in chapter “Cryogels via UV Irradiation”.
Chapter “Inorganic Cryogels” covers recent advances in inorganic cryogels. I have
to mention that, although the term “inorganic cryogel” has been used as the generic
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Fig. 1 Low temperature is
a prerequisite for obtaining
cryogels. O. Okay (left) and
V. 1. Lozinsky (right)
discussing the content of
this volume at —23 °C in
Moscow (1 February 2014)

name for freeze-dried products of inorganic gels, precipitates, and colloidal solu-
tions, it is more correct to call such freeze-dried products “cryostructurates” or
“cryotexturates” rather than cryogels. However, as the term “cryogel” is most
commonly used for inorganic materials obtained by free-drying, it will also be
used in chapter “Inorganic Cryogels” to be consistent with previous studies in this
field.

The last two contributions in this volume provide an overview of the biotech-
nological and biomedical applications of cryogels. Cryogels with their large pores
open up a range of applications, e.g., isolation of microbial cells, capturing of
cancer cells, use as matrices for immobilized cell reactors, and environmental
separation. These applications of cryogels are reviewed in chapter “Cryogels for
Biotechnological Applications.” The unique mechanical properties of PVA
cryogels make them an attractive candidate for biomedical, and especially medical
device applications. In chapter “Poly(Vinyl Alcohol) Cryogels for Biomedical
Applications,” the formation process and processing parameters of PVA cryogels
and their application in orthopedic and cardiovascular devices are reviewed and
discussed.

The editor believes that the present volume covering a broad range of topics in
the field of cryogels will contribute to a better understanding of the developments
achieved during the past two decades in the synthesis and applications of cryogels.
I also hope that this work will promote research in this rapidly developing area.
I would like to thank all the authors who have contributed to this exciting volume on
polymeric cryogels.

Istanbul, Turkey Oguz Okay
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Abstract Polymeric cryogels, the gels formed in moderately frozen gelling sys-
tems, have been empirically known for many decades, but systematic scientific
research on various cryogels and the peculiarities of cryotropic gel formation only
commenced at the beginning of the 1980s. This historical review briefly describes
the principal stages of the studies on these very interesting gel materials. It also
discusses some mechanisms of their formation, as well as summarizes published
data on the main representatives of chemically crosslinked (covalent), ionically
linked, and noncovalent (physical) cryogels.
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2 V.I. Lozinsky
1 Introductory Remarks

Polymeric cryogels are the gel systems formed via the cryogenic treatment (mod-
erate freezing—frozen storage—thawing) of solutions or colloidal dispersions of
the appropriate precursors [1]. On a microscopic level, moderately frozen molec-
ular or colloid solutions are heterophase systems containing both solids (i.e., the
polycrystals of frozen solvent) and some unfrozen fraction called “unfrozen liquid
microphase” [2], where the solutes are concentrated. Thus, gelation can only occur
within the latter unfrozen regions of the system while the crystals of frozen solvent
act as porogens. Such specific conditions of gel formation are the key factors in
determining the rather unusual heterophase macroporous morphology of the
resulting polymer materials, the whole set of their physicochemical characteristics
and, as a consequence, their operational capabilities. The present volume deals with
the diverse aspects of preparation, properties, structure, and practical implementa-
tion of various cryogels based on synthetic organic or inorganic polymers, as well
as on natural biopolymers. Taking into account the fact that the number of the
works published in this field has grown almost exponentially during recent years
(Fig. 1a), it is reasonable to first give a brief historical overview of these gel
systems, which are very interesting both from the fundamental and applied view-
points. Moreover, the authors of some recent publications devoted mainly to the
applied aspects often seem to be unaware of the pioneering studies and main
scientific sources. It is hoped that this chapter will also contribute to a better
understanding of the developments achieved in cryotropic gel formation over the
past three decades.

In many cases, it is difficult to indicate which exactly was the very first
communication on some experimentally observed phenomenon, especially if it
was discovered many years ago in the pre-electronic era, and the report appeared
in an issue hardly available now, or if it was patented locally in a language not
commonly used. The present brief historical information certainly has no claim to
be an exhaustive review of all the early pioneering publications on cryogenically
produced gel matrices. Nevertheless, we can assert that the term “cryogel” was
most probably applied for the first time in a paper published in 1984 to designate
polymeric materials prepared via chemical crosslinking of macromolecular pre-
cursors in moderately frozen organic media [4]. The term was created by combining
“cryo” (from the Greek kryos, meaning frost or ice) and “gel,” thus highlighting the
specific formation conditions for the gels of this family. Besides the mentioned
article, different terms were used for gels formed in frozen systems (mainly,
aqueous ones): cryocoacervates [5], cryocoagulates [6], cryo-concentrated gels
[7, 8], anomalous gels [9], freeze—thaw gels [10], etc. However, since the end of
the 1980s the term “cryogel” has become more and more popular (Fig. 1b).

It should also be noted that several other materials are currently called
“cryogels.” Specific examples are as follows:
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Fig. 1 The number of publications (a) and citations (b) with keywords “cryogel” or “cryogels”
from 1980 to 1 November 2013 according to the ISI Web of Knowledge portal [3]

1. Commercially available jelly-like medical liniments causing a cooling-down
effect when spread on the skin surface [11]. It is evident that this has no relation
at all to gel formation under frozen conditions.

2. The proteinaceous water-swollen coagulates that are formed upon low-positive-
temperature chilling of blood plasma taken from the patients with rheumatoid
arthritis or some complex immune diseases [12, 13]. Since no freeze—thaw
treatment is applied to the precursor liquid in order to induce the formation of
such coagulates, the use of the term “cryogel” for this protein matter appears
unjustified.
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3. The so-called “carbon cryogels” prepared by swelling of certain crosslinked

organic polymers, e.g., swelling of phenol-formaldehyde resins in crystallizable
organic solvents such as benzene, followed by freezing of the swollen matter and
finally freeze-drying to obtain a macroporous polymeric texturate, which is then
subjected to high-temperature carbonization with the formation of activated
carbon (charcoal) possessing specific macroporosity [14—16]. It is also obvious
that such final materials (i.e., “carbon cryogels”) are not gels at all, because gels
are 3D networks constructed from organic or inorganic polymers and necessarily
contain immobilized low molecular weight solvate liquid (i.e., water in the case
of hydrogels).

. Some authors have named the polymeric matrices fabricated via conventional

freeze-drying by the term “cryogels.” Certainly, freezing of polymeric solutions
or colloidal dispersions causes solid—liquid phase separation, and the subsequent
sublimation of the solidified solvent crystals “fixes” the system thus structured
[17, 18], but no gelation occurs during these consecutive steps. Therefore, it is
more correct to call such freeze-dried polymeric matrices “cryostructurates” or
“cryotexturates” rather than “cryogels.”

Taking into account the above considerations, one can conclude that the poly-

meric and biopolymeric materials mentioned above are not related directly to
proper cryogels and that they are probably named by such a term rather
accidentally.

2 Types of Initial Systems Capable of Being Precursors

for the Preparation of Cryogels

Numerous studies on various aspects of cryotropic gelation phenomena have
demonstrated that cryogels can be prepared, similarly to the traditional gels formed
at positive temperatures, from precursor systems that fall into the following cate-
gories (see review articles [1, 18-29]):

Colloidal dispersions: Freezing of colloid sols and the resulting cryo-
concentration effects cause reinforcement of the interparticle interactions, lead-
ing to the formation of tight particle-to-particle contacts. These contacts are
stabilized either by the cohesion forces or, if some reactive auxiliary substances
are present, by the formation of chemical links between the grains of particulate
matter. It seems likely that the freeze—thaw structuring and gelling of colloid
systems is the oldest example of cryotropic gelation and has been known for
many decades, especially by people who deal with the frozen storage of food-
stuffs (some particular instances are given below).

Solutions of monomeric precursors: Chemically or radiation-induced
crosslinking polymerization or polycondensation in moderately frozen aqueous
or organic media (depending on the chemical nature of the monomers) results in
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covalently crosslinked gel materials that generally possess a wide-pore spongy
morphology.

e Solutions of high molecular weight precursors: Covalent crosslinking, i.e.,
curing of macromolecules either with chemical agents or by irradiation
(gamma-rays, electron beams, UV irradiation, photolysis in the presence of a
suitable photoinitiator) in non-deeply frozen systems, results in chemically
crosslinked highly porous matrices. The characteristics of the porosity of such
gel materials (i.e., their macroporous or supermacroporous sponge-like texture)
are governed by the freezing conditions, by the amount of freezable solvent, and
by the size of porogen particles, namely, solvent polycrystals.

o Solutions of so-called self-gelling polymers: Such precursor systems are capable of
forming physical (noncovalent) gels upon “worsening” of the thermodynamic
quality of the solvent [1, 30] or by the addition of a solute that induces a change
in the conformation of the macromolecular chains, e.g., a protein denaturant [31, 32].

e Solutions of polyelectrolytes containing low molecular weight or polymeric
crosslinking counterions: These precursor systems are able to form sufficiently
stable ionic bridges between the polyelectolyte chains. Such kind of gel forma-
tion is a relatively rare variant of the cryotropic gelation case, since the
ion-exchange reactions are fast processes and, thus, it is technically difficult to
freeze the precursor solution prior to its gelation. Therefore, some special
methods must be implemented to overcome the mentioned impediments, that
is, to shift the onset of gelation beyond the freezing of the reaction solution. For
instance, an ionic crosslinker can be introduced in the feed solution in the form
of a solid powdered salt having a negative temperature coefficient of solubility, i.
e., its solubility rises with lowering of the temperature. In this way, the feed can
first be frost-bound, and ionotropic gelling will then occur within the moderately
frozen bulk system [33, 34].

The above classification of the precursor systems is also convenient for an
overview of the “cryogel story,” since different types of polymeric cryogels at the
early stages of their history have been discovered virtually independently. This
situation continued at least until the beginning of 1980s, when general approaches
for the preparation of covalently crosslinked cryogels based on both monomeric
and polymeric precursors were elaborated and patented [35]. The listed variants are
considered here in the same sequence.

However, one important remark should be made first regarding the definitions of
“positive” and “negative” temperatures. In the subsequent discussion, the freezing/
melting point of the feed system is taken as “zero” in the temperature scale;
therefore, the processes under the thermal conditions above this point occur at
positive temperatures, while gel formation below this point occurs at negative
temperatures. Further, in this context, we also use the terms “non-deeply frozen”
or “moderately frozen” to designate frozen systems that are not completely solid at
the corresponding negative temperature, and in which some fraction of unfrozen
liquid microphase still exists. As a rule, such temperatures lie not lower than several
tens of centigrade under the freezing/melting point of the corresponding feed
solution [1, 2].
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2.1 Polymeric/Biopolymeric Cryogels Formed by
Freeze-Thaw Aging of Colloid Sols

Perhaps the earliest example of a technologically realized process in which freeze—
thaw-induced gel formation was employed is the manufacture of the food product
named “kori-tofu,” which has been known for centuries and is still very popular in
Japan [36]. The starting material for the fabrication of this soybean-protein food-
stuff is the soya curd “tofu,” a colloid-type dispersion of the salting-out coagulate of
11S globulins. Tofu is subjected to freezing, during which the SH groups of
cysteine residues of the neighboring macromolecules are coupled into
intermolecular disulfide bridges, thus resulting in the formation of a 3D supramo-
lecular network of protein particles [37-40]. Another example of cryotropic gel
formation of colloidal dispersions is the freeze—thaw-caused structuration of
minced meat and pastes of myofibrillar protein isolates, e.g., those extracted from
various kinds of fish, shrimp or Antarctic krill [41—48]. Since the major myofibrillar
proteins, actin and myosin, are rich in cysteine, chemical crosslinking of protein-
aceous colloid particles in non-deeply frozen systems is accompanied by the
formation of interparticle covalent SS-bonds with the participation of air oxygen
dissolved in the unfrozen liquid microphase. This gelation mechanism was
elucidated using studies on the cryogel formation of model thiol-bearing polymers
[49-52].

Cryotropic crosslinking of discrete particles of colloidal dispersions in the
presence of a crosslinking agent to produce 3D macroporous polymeric materials
has also been reported. The preparation of cryostructured collagen sponges [53-55]
or the process of fabrication of leather-like materials from milled tanned leather
wastes [56—58] are examples of such type of cryogel formation. In these cases, the
respective dispersion was mixed with a crosslinking agent (e.g., glutaraldehyde)
and then this heterophase reaction mass was frozen and kept in the frozen state for a
necessary period of time and finally defrosted, resulting in spongy matter built of a
supramolecular framework of chemically bound polymer particles. The same
approach was also employed in subsequent years for the creation of macroporous
materials based on covalently linked particulate matters like latexes [59, 60],
microbial cells [27, 61], or small gel particles [27, 62, 63].

As well as covalent freeze-thaw gels derived from colloid dispersions,
noncovalent cryogels with aligned macroporous morphology have also been prepared
from particulate precursors. These include protein-containing systems [64—69],
cryogels fabricated from the colloid solutions of gelatinized starch [5, 70-78],
and cryostructured polymer matrices formed as a result of the freeze—thaw treat-
ment of frost-sensitive latexes [79—84]. The nature of the interparticle links in the
first case is a combination of hydrogen bonding, ionic interactions, and hydrophobic
interactions. Multiple H-bonds are responsible for gelation of the starch-based
systems, while the hydrophobic associations are the basis of particles “glueing”
in the latex examples. The macroporous morphology of the resulting polymer
materials and their physicochemical properties are determined by the initial



A Brief History of Polymeric Cryogels 7

concentration of the dispersed particles; their size, shape, and chemical structure;
and by the conditions of the freeze—thaw process. All these parameters must be
taken into account in order either to prepare certain cryogels/cryostructurates or to
prevent their formation when it is undesirable, as in the case of staving off the
cryocoagulation phenomena in latex dispersions at negative temperatures [85].

2.2 Cryogels Prepared from Monomeric Precursors

The following three points are of principle significance for the preparation of
cryogels from solutions of monomeric precursors:

1. The chosen solvent must crystallize rather than vitrify under the cryostructuring
conditions; otherwise, if the solvent undergoes a glass transition, the unfrozen
liquid microphase will not form and, hence, no cryo-concentrating effects will
take place. This requirement is also valid for any other precursor system to be
gelled cryogenically.

2. The solubility of the monomers should be high enough not only at positive
temperatures, but also in the unfrozen liquid microphase. If the solubility of the
monomer decreases drastically with decreasing temperature, the monomer con-
centration in the reaction medium becomes insufficient for the formation of a
spatial network; that is, the critical concentration of gelation will not be reached.
Various cryogels have been synthesized by using low molecular weight mono-
meric precursors, as in the majority of the reported cases, or macromonomers
(macromers) such as the methacrylated derivatives of gelatine and chondroitin
sulfate [86, 87], or poly(vinyl alcohol) [88, 89]. In the latter cases, the properties
of the resulting gel matrices depend, along with common factors such as the
monomer concentration or the freezing conditions, on the molecular weight of
the macromonomer and on the amount of unsaturated groups in its molecule.

3. The crucial problem in the case of cryotropic gelation via free radical polymer-
ization is the performance of the initiator system at negative temperatures.
Chemical initiators such as peroxides that generate primary radicals owing to
thermal decomposition are not suitable for cryopolymerization. Therefore, redox
initiating systems capable of generating radicals at reduced temperatures are
commonly employed [1, 26, 35, 90, 91]. Nonetheless, some rare cases are also
known, where the ‘“high-temperature” radical cryopolymerization of vinyl
monomers has been carried out using thermally decomposed initiators. One
such example is the 2,2’-azoisobutyronitrile-initiated copolymerization of sty-
rene and divinylbenzene at 50 °C in the medium of crystallized naphthalene
having a crystallization temperature of about 80 °C [35, 91, 92]. In the case of
radiation-induced cryopolymerization, the above-discussed problem of the
temperature-dependent activity of chemical initiators is virtually absent. The
efficiency of radiation-induced processes is mainly a function of the applied
radiation dose but not of the temperature, as demonstrated in the pioneering
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studies conducted in Japan (see, e.g., [19, 93—100]). Yet another possibility for
the preparation of cryogels of the polymerization type is the use of electron
beams [101] or photoinitiation [102—104]. An essential point in this case is that
the penetration capability of both these kinds of radiation is not very high, which
limits the thickness of the samples. Therefore, the simplest approach, applicable
in most laboratories, for the synthesis of polymerization-type cryogels is the use
of a suitable chemical initiator system, where no specific radiation source is
required and the amount of the added initiating substances can easily be
controlled.

In the context of historical aspects of the development of polymerization-type
cryogels, Table 1 summarizes the reaction components, e.g., the monomers,
crosslinkers, initiator systems, solvents, and the temperature for cryogelation reac-
tions starting from monomeric precursors. The data were taken from the pioneering
reports on such gelation systems as well as from the most significant studies
revealing the basic mechanisms of the key processes or ascertaining specific
properties of the corresponding cryogels. Naturally, this selection is subjective,
from the viewpoint of the author, and some works of good quality might have been
missed.

Cryogels synthesized via polycondensation reactions are also known. These are
mainly inorganic cryogels prepared by the sol—gel transformation in non-deeply
frozen precursor systems, where the condensation of certain hydroxides accompa-
nied by water liberation leads to the formation of polyoxides, as detailed in [173].
Polycondensation-type organic cryogels have also been reported in a few publica-
tions. Obviously, the first examples of such cryogels are those synthesized in frozen
aqueous medium at —15 °C from the mixture of lysine (a trifunctional amino acid
bearing two NH, groups and one COOH group) with water-soluble carbodiimide or
from the mixture of lysyl-lysine (a dipeptide having three NH, groups) with
glutaraldehyde [35]. In any case, the basic principle is that one of the precursors
must be at least trifunctional or higher in order to ensure the branched 3D character
of the forming polymer and its crosslinking. One recent example realizing this
principle is the polycondensation-type cryogel prepared via the reaction of three-
arm amino-terminated oligo(ethylene glycol) star polymers with dithio-bis
(maleimido)ethane in the medium of non-deeply frozen dioxane at —8 °C
[174]. Here, a 3D polymeric network forms as a result of the Michael addition of
the primary amino groups to the double bonds of maleimide residues.

2.3 Preparation of Cryogels by Covalent Crosslinking
of High Molecular Weight Precursors

As for the systems discussed in Sect. 2.2, the requirement of a good solubility of the
high molecular weight precursors in the medium of the unfrozen liquid microphase
is also important. If a decrease in the temperature and resulting freezing of the
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initial solution causes a loss of solubility and therefore precipitation/coagulation of
the polymer, no crosslinked product can be obtained after thawing of the system,
especially when the concentration of the crosslinking agent is relatively low. In
addition, a rather important parameter is the molecular weight of the polymeric
precursor, which determines both the initial viscosity of the feed solution prior to
freezing and the viscosity in the reaction zone, i.e., within the volume of the
unfrozen liquid microphase. Due to the generally high molecular weight of the
polymeric precursors, very high viscosity of the reaction zone significantly reduces
the segmental and translational mobilities of the polymer chains, thus preventing
the occurrence of gelation reactions. Therefore, some preliminary experiments are
often required to select the optimum molecular-weight characteristics of the
corresponding polymeric precursor [1, 175, 176].

Cryogels prepared by chemical crosslinking of proteins were the first cases that
exploited a scheme for producing immobilized biocatalysts. These were microbial
or plant cells entrapped in a spongy carrier composed of serum albumin or gelatine
cured with glutaraldehyde or formaldehyde, respectively [177-181]. In these early
works, the factors influencing the gelation process and the properties of the final
cryogels were not studied. Specific features inherent in this kind of cryotropic
gelation and its mechanisms were basically established later using polymers chem-
ically simpler than proteins, namely homopolymers or plain AB-copolymers, where
the process of interest is not sophisticated by the numerous secondary interactions.
Such a “modeling” approach found a series of significant effects that turned out to
be characteristic for the formation of various cryogels. For instance, it was shown
that cryogels in both aqueous [50, 182] and organic [4] media can be prepared at
considerably lower initial concentration of precursors as compared to their gelation
at positive temperatures. Thus, the effect of an apparent decrease in the critical
concentration of gelation is inherent in the gel formation processes occurring in the
non-deeply frozen reaction systems [1, 91]. The reason for such an effect is the
cryo-concentrating phenomenon, which makes the concentration of the gelling
agents considerably higher than that in the initial liquid feed. The same phenom-
enon generally causes the acceleration of cryochemical reactions in moderately
frozen solutions over a certain range of negative temperatures [2, 183, 184] and is
also observed during cryotropic gelation through covalent crosslinking of macro-
molecular precursors with suitable crosslinking agents, (see, e.g., [1, 91]). For
instance, the oxidation of SH groups in thiol-containing poly(acrylamide) induced
by water-dissolved air oxygen and leading to the formation of disulfide-crosslinked
3D polymeric network was at least five times faster in a frozen system at —15 °C
than in a solution at +15 °C. Moreover, the gel-point was reached about 1 h after
freezing of the feed solution in the former case, whereas in the latter case the time
was about 1 day [52].

Examples of the majority of the reported covalent cryogels prepared from
macromolecular precursors are given in Table 2. These data show that such
cryogels based on natural and synthetic polymers can be synthesized by chemical
crosslinking or by irradiation techniques in frozen aqueous, organic, or mixed
water—organic media. Thus, the chemical structure, physico-chemical properties,
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22 V.I. Lozinsky

and porous morphology of cryogels discussed in this section can be varied over a
very wide range, so that their potential applications are many. Judging from the
published information, biomedical and biotechnological applications are the pri-
mary uses for the cryogels prepared from polymeric precursors. In addition, some
other promising implementation fields also exist for such cryogels, including the
employment of rubber-based “cryosponges” developed in Turkey as a reusable
sorbent for the removal of oil spill from water surfaces [211, 212, 214, 223],
crosslinked chitosan cryogels for the absorption of radionuclides from waste
water [224, 225], crosslinked and partially saponificated poly(vinyl alcohol)
cryogel composites containing activated carbon particles for the absorption of
dyes [29, 199, 200], and so forth.

2.4 Physical (Noncovalent) Polymeric Cryogels

The publications on this group of cryogels are the most numerous and include
several well-known and very informative reviews. The majority of these studies are
related to poly(vinyl alcohol) (PVA) cryogels, which have been known since the
1970s [226-231]. The formation mechanisms of PVA cryogels [1, 29, 232-237]
and their applications in various fields have been investigated extensively. These
gel materials are used in medicine [1, 232, 235, 238-251], in biochemistry and
biotechnology [1, 234, 252-262], in environmental protection [1, 263], in construc-
tion in the permafrost regions [1, 264, 265], etc. Such popularity of PVA cryogels is
due to the combination of a set of remarkable features they possess, such as
excellent physico-mechanical properties, a high thermal endurance compared
with other physical hydrogels, a high resistance to abrasive erosion, a
macroporosity that ensures good diffusion characteristics, the availability and
relatively low cost of PVA itself, and a comparatively simple procedure for the
preparation of such cryogels. In addition, PVA cryogels have a high biocompati-
bility and are nontoxic for biological objects.

Noncovalent cryogels based on other “self-gelling” synthetic and natural mac-
romolecules have also been described for more than 40 years. In 1971, it was
demonstrated that freezing of a 17 % solution of poly(acrylonitrile) in dimethyl-
formamide/water (95-97:5-3, v/v) mixtures at —78 °C leads to the formation of
physical gels that are stable at room temperature [266]. Later, the freeze—thaw-
induced formation of noncovalent cryogels was also reported for other polymeric
systems. For instance, freezing of an aqueous solution of syndiotactic
poly(methacrylic acid) and poly(ethylene oxide) mixture at —78 °C, followed by
its defrosting at room temperature, results in noncovalent cryogels [267]. Similarly,
freezing of semidilute aqueous solutions of agar-agar or A-type gelatine at —10 °C
for 24 h followed by thawing at 25 °C leads to the formation of biopolymer cryogels
[30]. The cryogels thus obtained possess macroporous morphology, whose charac-
teristics mainly depend on the type of polymeric precursor and its initial concen-
tration in the feed. The cryogels formed from gelatinized starch [5, 70-78]
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(mentioned in Sect. 2.1) as well as those based on starch-polysaccharides [268, 269]
are also noncovalent cryogels that are stable at room temperature, but can be fused
upon heating to 70-90 °C.

There is also a special case of the formation of physical cryogels where the self-
gelation processes occur at a high rate even at positive temperatures. The aqueous
solutions of >1 wt% agarose or >5-10 wt% gelatine belong to this category of
gel-forming systems. When such solutions are being frozen at a moderate negative
temperature, the ice is formed inside the already formed polymeric gel rather than
in the liquid feed solution. As a consequence, the cryo-concentrating processes will
not be realized to a significant extent, and the growing solvent polycrystals can even
destroy the primary gel structure. The preparation of cryogels based on such
quickly self-gelling precursors requires that freezing of the initial polymer solution
should occur before the onset of the gelation. Principally, there are two possible
ways to achieve this goal (1) freezing the initial hot solution very rapidly, e.g., in a
liquid nitrogen bath, or (2) decreasing the self-gelation rate of the precursors by
using specific additives capable of partially inhibiting the sol-to-gel transition.
These two options were examined in detail in gelation systems containing agarose
as a polymeric precursor [270, 271]. It was shown that the first option results in
rather brittle gel materials with micrometer-sized pores. For the second approach,
that is, to reduce the self-gelation rate of the precursor system, some solutes capable
of partially interfering with H-bond formation between agarose chains were intro-
duced into the initial feed solutions. This resulted in agarose cryogels with porosity
and operational properties suitable for various applications, e.g., as wide-pore
scaffolds for culturing of animal or human cells, including stem cells [271-277],
and as supermacroporous continuous chromatographic beds for manipulation of
particulate sorbates like viruses, cell organelles, and whole cells [272, 278]. It was
found that the most convenient method of decelerating self-gelation in agarose
solutions is to shift the pH so that some of the agarose hydroxyl groups are ionized,
thus creating charges of the same sign along the chains, which causes certain
repulsion between the chains [271].

Examples of various physical cryogels are summarized in Table 3, where the
data are categorized according to the nature of the polymeric precursors, namely,
polysaccharides, proteins, and synthetic polymers. The data for PVA cryogels are
given separately due to the large number of papers published on these cryogels.

The history of PVA cryogels is also interesting because such gel systems have
been discovered twice, as it were. First, there were mainly empiric recordings on the
formation of these cryogels [230, 231] and the first patents were issued on the
“virtual” applied possibilities of such materials [226-229]. Almost 10 years later,
two approaches for increasing the strength of PVA cryogels were reported, namely,
multiple freeze—thaw processing [299, 365-370] and the partial dehydration of
frozen specimens in vacuo [9, 300, 301, 371]. These findings initiated numerous
fundamental studies due to the amazing combination of cryogel properties and their
macroporous structure. The investigations of frozen PVA solutions by nuclear
magnetic resonance (NMR) and electron spin resonance (ESR) allowed better
understanding of the fine details of the gelation processes inside frost-bound
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heterophase PVA—solvent systems [308, 332—-337]. Features of the microstructure

of PVA cryogels were ascertained using various microscopy techniques [330, 331,

333, 338-346] and other physicochemical analysis methods [237, 326, 347-351].
In these studies, the following five principal facts were established:

1. The nodes in the 3D supramolecular network of PVA cryogels have a
noncovalent nature. Therefore, such cryogels can be fused upon heating above
the gel melting temperature with the formation of a polymer solution without
any change in the characteristics of PVA molecular weight compared to that
before freezing [30, 302-304]. This feature is observed provided that the used
polymer is pure, i.e., it contains no reactive admixtures, frequently present in
industrial PVA specimens.

2. Intermolecular H-bonding via the interactions of OH groups of the neighboring
PVA chains plays a key role in the formation of PVA cryogels [305-309].

3. The junction knots in these cryogels were experimentally proven to be PVA
microcrystallites [312-317]. A series of works conducted by a team of Italian
researchers on this topic [318-325] is very impressive; the same can be said
about the precision study by a Japanese team who found that each junction knot
in PVA cryogels includes, depending on the gel formation conditions, about 2—3
chains with around 24-120 segments [314].

4. The defrosting rate of frozen PVA solutions plays a significant role in the
formation and properties of PVA cryogels [234, 311, 326-331].

5. The molecular weight of PVA, chain tacticity, amount of residual O-acyl groups,
and PVA concentration, as well as the conditions of freezing, frozen storage, and
thawing have a significant effect on the properties and macroporosity of PVA
cryogels [1, 9, 10, 23, 29, 30, 232-236, 254, 258, 299-301, 310-316, 326-331,
333, 338, 346, 352-364, 366-372].

Because the number of publications dealing with the relationships between the
preparation conditions of PVA cryogels and their properties is large, Table 3
summarizes only the most important of them, from the viewpoint of the author of
this review. Apart from PVA cryogels formed from simple two-component feeds
(e.g., from systems composed of PVA dissolved in a neat solvent), a large amount
of data is also available in the literature on PVA cryogels that contain soluble
foreign additives, both of low and high molecular weights. In the former case, the
corresponding cryogels can be classified as those prepared from PVA dissolved in a
mixed solvent, whereas in the latter case a more suitable term is “complex PVA
cryogels.” It should also be noted that there are also extensive studies on “compos-
ite PVA cryogels” that contain various discrete fillers. Different soluble and
insoluble additives have been introduced in the initial PVA solutions to obtain
complex and filled PVA cryogels, respectively. It was shown that the type of
additives can affect, more or less, the properties and the microstructure of the
resulting cryogels. Since the character of such an influence is very diverse and
the observed effects can be multidirectional, such examples are not cited in Table 3.
However, readers interested in the principal studies in these fields can find the
corresponding references in the following reviews and recent experimental articles:
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PVA formed in mixed solvents [1, 20, 23, 234, 264, 373], complex PVA cryogels
[1, 234,239, 374], and composite PVA cryogels [1, 20, 23, 29, 234, 236, 237, 252,
254, 265, 375-377].

2.5 Ionic (Ionotropic) Cryogels

As pointed out above, the accomplishment of gel formation through crosslinking of
polyelectrolyte chains with suitable counterions within the space of the unfrozen
liquid microphase is a difficult task because of the high rate of the ionic processes.
As a rule, conventional ionotropic gelation occurs before freezing of the gelling
system. This is the reason why there is only a limited number of successful
examples of preparation of ionically crosslinked cryogels by this “direct” route
(e.g., [33, 34]). However, the cryogenically structured macroporous gel-like matri-
ces can be fabricated by using roundabout pathways.

One way is the freezing of the partially (incompletely) formed gel, followed by
its frozen storage in order to complete the ionic crosslinking, and then sublimation
of the frozen solvent crystals. Such a sequence of operations results in macroporous
dry cryostructurates that are transformed upon swelling in macroporous gels. This
approach was used, for instance, for the preparation of Ca-alginate-based wound/
burn dressings [34], or wide-pore scaffolds for tissue engineering [378-380].

Another method includes freezing the polyelectrolyte solution, followed by the
removal of frozen solvent crystals without their thawing. The latter can be done
either via freeze-drying, or via cryoextraction, i.e., by rinsing the frozen sample at a
negative temperature with a liquid that acts as a solvent for the crystalline phase but
a nonsolvent for the polyelectrolyte. The resulting macroporous cryostructurate is
then treated with an agent capable of either ionically crosslinking the polymeric
chains, or recharging their ionogenic groups. This stage is also carried out in a
nonsolvent for the macromolecular material. A macroporous gel is obtained upon
subsequent swelling of the resulting material in the respective solvating liquids.
This approach was employed for the fabrication of wide-pore cryostructured matri-
ces based on both polyacids and polybases [1]. For example, in order to prepare
Ca-alginate sponges, the initial aqueous sodium alginate solution was frozen, and
ice polycrystals were then removed via vacuum sublimation or via cryoextraction
with cold ethanol. The resultant cryogenically structured polymer was then
immersed in an ethanolic solution of calcium salt for ionic crosslinking leading to
water-insoluble sponge-like Ca-alginate cryogel [381]. Such sponges possessing a
system of interconnected gross pores of capillary size are of interest as cell culture
scaffolds in biotechnological systems [382-384]. The preparation of cryostuctured
polyelectolytes through recharging of their ionic groups can be exemplified by
chitosan-based sponges. Here, after removal of ice crystals from the frozen
chitosan—aqueous acetic acid system, the resulting cryostructurate was treated
with alkaline acetone, thus causing formation of water-insoluble unprotonated
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chitosan base [385]. Wide-pore sponges of this material were also used as scaffolds
for the 3D culturing of animal cells [386].

Thus, there are wide opportunities for the creation of diverse polyelectrolyte-
based cryostructured gel-like matrices, whose properties and porous morphology
can be varied in desired directions by an appropriate choice of the polymeric
precursor and the respective counterions, their concentrations, by the freezing
conditions, and by the procedure for the removal of frozen solvent.

3 Concluding Remarks

Fundamental studies and applied research on cryotropic gelation and various
polymeric cryogels have been in progress for more than 40 years. As a result,
numerous interesting observations have been made, mechanisms of the processes
contributing to the formation of cryogels have been established, a series of cryogels
possessing remarkable properties have been developed, and diverse practical appli-
cations have been realized (see reviews [1, 18-29, 184, 232-265, 387-404]).

It is evident that this part of polymer science did not start from a “clean slate.”
First of all, there were different empiric observations on the freeze—thaw-caused
gelation in systems like the above mentioned kori-tofu case. Second, it is necessary
to emphasize the key role of the knowledge accumulated on the specific features of
various chemical reactions in non-deeply frozen multicomponent solutions. In this
respect, the pioneering studies that revealed the occurrence per se of such reactions
in the moderately frozen systems were of great significance (see, e.g., [405—408]).
These studies identified the existence of an unfrozen liquid microphase, and gave
quantitative descriptions of the kinetic peculiarities of the relevant cryochemical
reactions [2, 409-412]. Third, another important basis for the development of
research on cryotropic gel formation was information on routes for the preparation
of conventional covalent and noncovalent gels, their properties, and the factors that
influence them. Moreover, a series of studies on frozen polymer—solvent systems
should also be noted (e.g., [413—417]). The results of these studies allow a deeper
understanding of the important fact that, in moderately frozen macromolecular
solutions and even in frozen gels, the chain segments do not lose a certain degree
of mobility and, hence, interaction of such segments can cause further transforma-
tions within the system up to the formation of a spatial polymeric network.
Therefore, all the listed sources can be considered as the roots that supplied the
“tree of polymeric cryogels” with the necessary primary “nutrients” available at the
time when intense studies on cryotropic gel formation began. The subsequent
growth and branching of this tree produced fine fruits, these being both new
fundamental knowledge and the development of such wonderful gel materials as
polymeric cryogels with their multitudinous practical applications, which are
discussed in some of the subsequent chapters of this volume.
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Abstract Polymeric cryogels are the gel systems formed in moderately frozen
solutions or colloidal dispersions of precursors potentially capable of gelling.
Polymeric cryogels are of growing practical interest in various applied areas. The
fabrication of any cryogel includes the following necessary stages: preparation of
the feed system, its freezing, incubation of the gelation system in a frozen state, and
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thawing of the frozen sample. The nature of gel precursors, their concentration in
the initial feed, and the conditions of each of the stages affect the physicochemical
properties and porous morphology of the resulting cryogels. Certain specific effects
are inherent in the processes of cryotropic gel formation, namely, apparent decrease
in the critical concentration of gelation, acceleration of gel formation over a certain
range of negative temperatures, a bell-shaped temperature dependence of the
cryotropic gelation efficiency, and generation of the specific porosity peculiar to
cryogels. This chapter presents the basic principles of cryotropic gelation processes
and also discusses the factors influencing the properties of various types of
cryogels.

Keywords Cryotropic gelation ¢ Unfrozen liquid microphase ¢ Freezing * Frozen

storage ¢ Defrosting

Abbreviations

CCG Critical concentration of gelation
CTAB Cetyltrimethylammonium bromide
DMSO  Dimethylsulfoxide

GuAr Gum arabic

LCST Lower critical solution temperature
NMR Nuclear magnetic resonance

PVA Poly(vinyl alcohol)

SEM Scanning electron microscopy

UCST Upper critical solution temperature
UFLMP  Unfrozen liquid microphase

VA Vinyl alcohol

VAc Vinyl acetate

1 Introduction

As described in the previous chapter of this volume [1], studies on the gel formation
processes in moderately frozen solutions or colloidal dispersions containing the
necessary precursors started at the beginning of 1970s, although empirical obser-
vations of freeze—thaw-caused gelation were made long before. The experimental
data obtained during the past four decades in this field have resulted in a sum of
knowledge on the general aspects of cryotropic gelation, which is the subject of the
present chapter. Before starting the discussion, the terminology will be defined in
order to clarify what each specialized term means.
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1.1 “Gels” in General, and “Cryogels” in Particular

There are many definitions of what the gels are [2—6], and some of these definitions
are rather complicated because they include numerous significant properties of the
polymeric systems classified as gels. However, at a qualitative level one can say
that gels are systems consisting of polymer and immobilized solvent in which
macromolecular chains are connected to each other via chemical or physical
bonds, forming a 3D network. The definition can be made simpler still: gels are
swollen spatial polymeric networks. If the immobilized solvent is water, then we
deal with hydrogels; if the solvent is an organic liquid, then organogels are
considered. Certainly, various intermediate variants are also possible when the
solvents are water—organic mixtures. Depending on the nature of the interchain
bonds in the nodes of the polymeric 3D network, gels are commonly classified as
follows: covalent (i.e., chemically crosslinked) gels; ionically or ion-chelately
crosslinked gels; and noncovalent or physical gels. “Mixed” variants also exist.
The gel’s bulk morphology (homophase or heterophase) is determined by the
chemical structure of the constituent polymers and by the method of gel prepara-
tion. In this context, cryogels are gel systems whose formation occurs in moderately
frozen solutions or colloidal dispersions of precursors potentially capable of gelling
[7, 8]. Therefore, the occurrence of gel formation in the frozen precursor-containing
system is the necessary specific feature that distinguishes cryotropic gelation from
gel formation at temperatures above the freezing point of the feed [9].

1.2 “Cryotropic Gelation”

The word combination “cryotropic gelation” connects directly with the proper
processes resulting in the formation of diverse cryogels. The term’s construction
is similar to that of the terms ‘“chemotropic” (caused by chemical reactions),
“ionotropic” (caused by ionic bonding), and thermotropic gel formation (caused
by heating, as in the gelation of aqueous solutions of methylcellulose upon warming
above the lower critical solution temperature, LCST). Hence, cryotropic gelation,
derived from the Greek kryos (frost) and tropos (cause), is gel formation caused by
the cryogenic treatment (freezing—frozen storage—thawing) of the precursor system.
The solvent crystallization in this process acts as a trigger enabling the subsequent
gelation phenomena.

1.3 “Positive” and “Negative” Temperature

These terms are defined as, respectively, the temperatures above and below the
freezing/melting point of the initially liquid system (see [1]). In addition, in the
course of further discussions on nonaqueous systems we will also operate, when
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needed, with the relative temperature AT, defined as AT = T; — T\, where T is the
freezing point of the solvent used and T7; is the gelation temperature. Thus, if
gelation occurs in the medium of formamide (T, = +2.9 °C), AT = —20 and
420 °C correspond to gelation temperatures 7; of —17.1 and +22.9 °C, respectively.
Similarly, for gelation in cycloheptane with Ty = —12 °C, AT = —20 and +20 °C
correspond to T; = —32 and +8 °C, respectively.

1.4 “Gel-Fraction” and “Gel-Fraction Yield”

It is rather hard to measure experimentally with high precision the real content of
the gel phase, that is, the amount of the separate system composed of the
crosslinked polymer and immobilized solvent within the whole sample volume.
This is particularly so for heterophase cryogels because the value measured will
strongly depend on the swelling extent of the sample under a single set of exam-
ination conditions. That is why the notions “gel-fraction” and “gel-fraction yield”
imply, although being insufficiently strict terminologically, the content or the yield
of the dry crosslinked polymer relative to the dry weight of the respective pre-
cursors. Such a fraction is easily determined gravimetrically and does not depend
on the swelling extent of the particular gel or cryogel samples. Besides, if the tightly
bound solvate liquid is difficult to remove from the sample upon drying (as is
frequently the case for hydrogels), the residual moisture amount can be quantified
by auxiliary independent methods like Karl Fischer titration (e.g., see [10] for
chitosan-based cryogels).

The goal of this chapter is to describe and discuss general aspects of cryotropic
gelation with emphasis on its basic principles. The key factors affecting different
stages of cryotropic gelation processes and, thus, influencing the properties and the
structure of the resulting polymeric cryogels will also be considered. In addition,
when the current knowledge level is sufficient, explanation will be given for the
specific effects peculiar to this kind of gel formation.

2 Main Stages of the Cryotropic Gelation Processes

Similarly to the formation of conventional covalent gels, covalent cryogels are
prepared either through the crosslinking polymerization or polycondensation of
monomeric precursors, or by crosslinking (chemically or with radiation) of high
molecular weight compounds, the latter being either in molecular-dissolved or in
colloidal-dispersed forms [7, 8, 11]. In the case of noncovalent (physical) cryogels,
the initial substances are usually polymers capable of self-gelling upon cooling of
their solutions like water/gelatine [12] and poly(acrylonitrile)/N,N-dimethyl-
formamide systems [13], or their colloidal dispersions like the gelatinized starch
pastes [14, 15], or “cryosensitive” latexes [16, 17]. Ionic cryogels can, in principle,
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be created from the solutions of polyelectrolytes by their crosslinking using coun-
terions capable of forming low-dissociating ionic bonds between the charged
groups of such macromolecular precursors [7, 8]. In all these cases, the procedure
of cryogel preparation includes the following basic stages:

. Preparation of the feed system

. Freezing of the feed

. Incubation of the system in a frozen state
. Thawing of the frozen system

AW N =

The conditions of each stage, including the properties of the particular pre-
cursors, affect more or less significantly the efficiency of cryotropic gel formation
and, thus, the properties and structure of the resulting cryogel materials. So, it
seems reasonable to discuss step-by-step the factors that are of importance for such
freeze—thaw gelling systems.

2.1 Preparation of the Feed System

At first sight, preparation of the initial feed containing the precursors of the future
cryogel is a rather simple and routine procedure. This is a necessary step for the
preparation of any gel material both at positive and negative temperatures. How-
ever, definite peculiarities of the cryotropic gel formation generally dictate certain
requirements for the preparation of the initial system. For instance, one should
minimize the conversion of the precursor to the gel before freezing the feed.
Otherwise, if the gel-point is attained prior to the start of solvent crystallization,
the destruction of the primary 3D network thus formed may occur by the creation of
a polycrystalline phase. Such a process is especially detrimental in quickly forming
chemotropic gels because their covalently linked nodes do not allow the polymeric
chains to be slid apart easily by the growing solvent crystals. These effects, in turn,
can even result in splitting of the weakest covalent bonds in the structure of the
spatial polymeric network, especially, as shown by Jellinek and Fox [18], when the
crystallization fronts are moving rapidly.

There are two ways to “outrun” gelation of the still-unfrozen feed system. The
first method is to freeze the feed as quickly as possible where the gelation reactions
have already begun. The other method is to reduce the initial rate of such reactions,
e.g., by chilling the feed to just above its freezing point before adding the initiator
(the case of polymerization-type cryogels) or the crosslinking agent (the case of
covalent cryogels formed via crosslinking of macromolecular precursors). The
former way, such as the flash-freezing technique using liquid nitrogen, has two
significant drawbacks. First, the initial solution may undergo a glass-transition
instead of the required solvent crystallization so that no cryo-concentration effect
can be generated. Second, when the solvent crystallization does occur, the size of
the very quickly formed crystals is small, and so is the cross-section of the pores in
the resulting cryogel. Therefore, the latter approach, i.e., decreasing the rate of the
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corresponding reactions prior to freezing of the feed, looks more promising. As a
rule, for fast-reacting systems this goal is reached simply by chilling the initial feed.
Some examples of the procedures employed for the preparation of polymerization-
type cryogels and cryogels via chemical crosslinking of the polymeric precursors
can be found in [19-25] and [10, 26-32], respectively.

The above considerations are mainly related to the preparation of covalent
cryogels, where chilling the initial solution prior to the addition of either initiator
or crosslinking agent does not lead to the gelation per se. However, when dealing
with the preparation of physical cryogels, especially with systems undergoing a fast
sol-to-gel transition at positive temperatures (such as aqueous agarose solutions),
the situation is complicated. In such physically gelling systems one must decrease
the self-gelation rate of the precursors to shift the gel-point to longer reaction times
so that the gel will form within the volume of the unfrozen liquid microphase. As
discussed in Sect. 2.4 of [1], the preferable way is to use specific solutes capable of
slowing down gelation, e.g., alkaline additives for the preparation of wide-pore
agarose cryogels [33, 34].

Moreover, the feed compositions capable of producing ionically crosslinked
cryogels are even more sophisticated due to the very high rates of ionic reactions.
Besides, such reactions are only slightly sensitive to the temperature. Therefore,
cooling the initial feed containing dissolved polyelectolytes and necessary
crosslinking counterions cannot sufficiently decelerate ionotropic gel formation
prior to freezing of the system. Possible ways for bypassing such difficulties are
also discussed in Sect. 2.5 of [1]. In short, in terms of the composition of the
precursor solution, only two variants are relevant. The first method is to use a
crosslinking agent with a negative temperature coefficient of solubility, e.g., solid
salts exhibiting increased water solubility as the temperature is decreased
[7, 8]. The second method, namely the so-called internal gelation approach, is to
induce gelation via auxiliary agents capable of gradual solubilization of the
dispersed salt particles containing crosslinking counterions [35, 36]. Whereas the
former variant has already been realized in the preparation of Ca-alginate-based
cryogels [37, 38], no cases of the implementation of the latter variant are known so
far to the authors of this chapter.

2.2 Freezing of the Feed

Freezing of the initial precursor-containing system is the crucial step for both the
subsequent cryotropic gel formation per se and the properties of the resulting
cryogels. This is due to several simultaneous processes that are launched during
the transformation of the feed liquid into a frost-bound solid. These processes
strongly alter the concentration and thermal mobility of the dissolved/dispersed
gelation components, the volume of the unfrozen liquid fraction, its viscosity, and
its polarity. Moreover, depending on the freezing conditions, they also influence the
size and shape of the growing solvent polycrystals, thus biasing the macroporous
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morphology of the resulting cryogels. In other words, freezing of the initial
molecular or colloidal solution of the precursors affects not only the gelation
efficiency, but also the structural characteristics of the final cryogel.

The key parameters of the freezing process are temperature, cooling rate,
spontaneous or, if special procedures are employed, directed heat sink [39, 40],
the ability of the initial liquid system to be supercooled, the presence of specially
added or accidental (e.g., specks of dust) germs of crystallization, the thermal
conductivity of the material, and the properties of the inner surface of the vessel
containing the feed to be frozen. In this respect, it is also necessary to define the
notions cooling/chilling rate and freezing rate as these two parameters are not
identical, especially when the ambient temperature is not too low. The cooling/
chilling rate can be controlled rather strictly, for instance, by using precision
programmable cryostats, whereas the freezing rate corresponding to the rate of
solvent crystallization depends on many factors, particularly on the supercooling
depth. For instance, in the case of slow chilling of dust-free feed solutions
containing dissolved polymeric precursors, the supercooling effect can be very
pronounced [8, 41]. This effect then results in an initial high rate of crystallization,
and at high crystallization rates the size of the forming solvent crystals is small. If
there is no supercooling, then the lower the freezing temperature, the smaller the
size of solvent crystals [42, 43] and, hence, the smaller the cross-section of
macropores in the resulting cryogels (see [8, 22, 23, 29, 34, 44-46] and also Sect.
4.1 in [47] of this volume). However, supercooling leads to a deviation from the
above-indicated regularity. One such example is given in Fig. 1, which shows the
micrographs of chitosan cryogels prepared in frozen aqueous systems at —10, —15,
and —30 °C [10]. The quantitative data obtained from the images, namely the
number and weight averages of the pore diameters and the coefficient of polydis-
persity of the pores, are listed in Table 1. The results show that the average diameter
of large pores in the cryogel formed at —10 °C is smaller than in cryogel prepared at
—15 °C (compare Fig. la with b). The reason for such an effect is exactly the
supercooling phenomenon.

In some cases, a spatial polymer network may form while the gelling system is in
the supercooled state. Such a nonequilibrium state was reported both during
chemical gelation processes like crosslinking polymerization as well as during
chilling-induced noncovalent gelation. The primary ordinary gel thus formed in
the supercooled state of the gelation system will be subjected to physical stresses
upon the start of the freezing process due to the movement of the crystallization
fronts. Such an effect has been registered upon very slow chilling (0.003 °C/min) of
100 g/L poly(vinyl alcohol) (PVA) aqueous solutions [48]. It was shown that a
low-melting physical gel with a fusion temperature of ~21.5 °C forms before
freezing of the system. In contrast, the equiconcentrated cryogels formed via
conventional freezing, i.e., without a significant supercooling effect, had fusion
temperatures of the order of 70-75 °C.

Several approaches have been proposed in order to exclude the influence of
supercooling on the formation of different cryogels. These approaches include
either special freezing profiles or the use of crystallization initiators. The former
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Fig.1 (a—c) Optical micrographs of 2-mm-thick disks of chitosan cryogels formed in moderately
frozen aqueous solutions using glutaraldehyde as a crosslinker at —10 (a), —15 (b), and —30°C (c).
(From [10] with permission from Springer)

Table 1 Data on the quantitative analysis of microscopic images for the crosslinked chitosan
cryogels formed at different negative temperatures

Temperature of cryogel synthesis (°C) D, (pm)* Dy, (pm)® K

—10 57.4 70.1 1.22
—15 72.3 87.0 1.20
—-30 44.3 56.0 1.26

From [10] with permission from Springer

“Number-average pore diameter: D,, = (Z(N; - - - D?) Yy Ni)l/ 3. the overall number of test objects
in the micrograph is Y'N;

"Weight-average pore diameter: D,, = (Y(N; --- D) : ¥ (N; --- D})}'

“Coefficient of polydispersity: k = D,:D,
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Fig. 2 Freezing profiles of the reaction system according to the conventional, rapid, and
low-temperature quenching procedures. Tj,; initial temperature of the system before the start of
freezing; T freezing point of the neat solvent; T, reaction temperature. (From [49] with permission
from Springer)

variant can be subdivided into two techniques utilizing different freezing profiles,
namely the rapid freezing and low-temperature quenching techniques. The charac-
ter of these freezing profiles is shown schematically in Fig. 2. The rapid freezing
procedure includes placing the feed system, immediately after commencing of the
gel formation process, into a low-temperature bath (e.g., liquid nitrogen) for a short
time, usually less than 1 min, to ensure fast solvent crystallization. This is followed
by transfer of the feed into a cryostat for frozen storage at the desired subzero
temperature 7,. The second procedure, namely low-temperature quenching, also
uses liquid nitrogen for fast freezing of the system of interest, but for a longer time
(0.5-1 h) in order to make the reaction system completely solid. Then, the feed is
placed into a cryostat at a preset negative temperature 7, (Fig. 2). Although both of
these freezing procedures minimize the time period in the unfrozen state, they
influence the dynamics of cryotropic gelation as well as the porous morphology of
the resulting cryogels. In other words, the thermal prehistory of the feed during its
freezing influences both the course of the cryotropic gelation and the gel properties.
Such an influence was observed in the formation of poly(acrylamide) cryogels [23,
50] and in the linear cryopolymerization of acrylamide [49].

In this context, the use of “artificial” germs of crystallization looks rather
attractive. For instance, crystals of silver iodide (Agl) are known to cause efficient
ice formation in aqueous systems, thus preventing their supercooling [51, 52]. How-
ever, because of the polyvalent nature of both Ag and I atoms, this salt can act as a
scavenger for free radicals and ion-radicals. Therefore, introduction of Agl powder
into the solution of monomers will affect the course of cryogel formation via the
radical reactions. This necessitates certain preliminary tests in order to make sure
that such an additive has no undesired influence on cryotropic gelation. In this
regard, ultrasound treatment of the initial feed as it is cooled below the freezing



58 V.I. Lozinsky and O. Okay

point can be a better way to suppress supercooling. Such a physical impact on the
liquid system causes cavitation of gas microbubbles within the whole volume of the
sample, thus resulting in uniform nucleation of the solvent crystallization
[53]. However, no practical examples of implementing this approach for the
preparation of polymeric cryogels are known so far to the authors of this review.
This is probably due to the absence of laboratory-scale ultrasound equipment
suitable for cryotropic gelation procedures.

2.3 Incubation of the Gelation System in a Frozen State

Keeping the gelation system in a frozen state at a moderate negative temperature is
the main stage in the synthesis of covalent cryogels, since the chemical reactions
leading to gelation mainly occur during this time period [8]. In the case of physical
cryogels, the pattern is not so straightforward and will be discussed later. Nonethe-
less, in both cases, polymeric cryogels form within the volume of the unfrozen
liquid microphase (UFLMP, also called the “nonfrozen liquid microphase”) where
the precursors are concentrated as the solvent starts to crystallize [8]. Therefore, the
concept of UFLMP will be discussed in more detail.

The term “unfrozen liquid microphase” was proposed by Sergeev and co-authors
in 1973 for designating the liquid fraction at a particular negative temperature in a
macroscopically frozen system [54]. This concept was developed in the course of
exploration of various chemical reactions occurring in the non-deeply frozen
multicomponent solutions of low molecular weight reactants. These studies, begin-
ning from the initially empiric observations [55-61], then generalized by Pincock
[62], and leading to a rather harmonious kinetic theory elaborated by Sergeev and
Batyuk with coworkers [54, 63, 64], revealed the following three fundamental
features of such processes and their mechanisms:

1. When the initial molecular or colloidal solution is non-deeply frozen, although
the system looks like a completely solid matter, it is heterophase at a micro-
scopic level and contains, along with the solvent polycrystals, a certain unfrozen
fraction, UFLMP. Thus, the moderately or non-deeply frozen systems are those
where UFLMP is still present. The existence of UFLMP at temperatures both
above and below the eutectic point of the particular system is confirmed by
different physicochemical methods, e.g., by the narrow NMR signals of the
solutes [8, 41, 50, 52, 63-72] and by the shape of ESR spectra characteristic
of the liquid microenvironment of spin probes [8, 63, 73—76]. The temperature
boundary of the existence of UFLMP is stipulated by several factors such as the
nature of the solvent, the amount of solutes, their physicochemical properties
(e.g., molecular weight [77]), the flexibility of the chains in the case of poly-
meric precursors, thermal prehistory of the system during its freezing if the
phase equilibrium is not yet attained, etc.
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2. The concentration of solutes or dispersed colloid-size particles is increased
because of their expulsion into the volume of UFLMP as the solvent is crystal-
lized. This cryo-concentration effect is one of the major factors responsible for
the increase in the rate of the chemical reactions and intensification of
intermolecular interactions inside the unfrozen inclusions, which act as
microreactors. Provided the reactants are easily soluble compounds and are
completely concentrated within the UFLMP, the concentrating extent f at a
certain negative temperature T can be estimated using the following formula
[54]:

_To—-T
"y (1)

where T, is the crystallization point of the solvent, A is its cryoscopic constant,
and C; is the initial concentration of the solute i. Note that the concentrating
extent f is the ratio of the total concentration of solutes within the UFLMP to
that in the initial solution. It is also possible to measure the f values experimen-
tally from the NMR spectra of such frozen systems, provided that their compo-
sitions are not too complex and the solvent is suitable for use in the NMR
technique.

3. Owing to the competition of several oppositely directed factors, the temperature
dependence of the efficiency of the process in terms of the reaction rate or the
yield of the final products is, as a rule, bell-shaped. According to the structure—
kinetic model developed by Sergeev-Batyuk [63, 64], the temperature of the
maximum reaction rate (Ty,ax,) of cryochemical reactions between low molec-
ular weight substances with an order higher than 1 is given by the following
equation:
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where E is the activation energy of the reaction, R is the universal gas constant,
and n; is the reaction order with respect to the jth component.

Most of these features of cryochemical reactions are also of great significance
for cryotropic gelation processes [8]. Moreover, if the system contains polymeric
solutes, the still-liquid fraction can exist even at rather low temperatures and such
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systems are very sensitive to the thermal prehistory, i.e., the temperature profile
used to reach the preset temperature point. For instance, upon freezing of concen-
trated aqueous PV A solutions, the presence of mobile water molecules was detected
by NMR even at =50 °C [78]. In addition, since the relaxation processes in viscous
liquids are very slow, the characteristics of UFLMP (such as its volume during
freezing and defrosting stages) differ significantly, leading to hysteresis phenomena
[76, 79]. Similarly to cryochemical reactions, the gelation rate and the gel-fraction
yield of cryotropic gelation processes, as well as the mechanical characteristics of
the final cryogels, are strongly dependent on the frozen storage temperature and are
also bell-shaped. Such a character of temperature dependences was observed during
the formation of covalent cryogels from monomeric [7, 8, 22, 23, 80-85] and
macromolecular precursors [7, 8, 10, 27-29, 32, 45, 46, 86—88], for some physical
cryogels [7, 8, 34, 44, 48, 89—103] as well as during linear cryopolymerization
processes [49, 72, 104—106].

Based on the concept of UFLMP, the scheme of cryotropic gelation processes
can be depicted by the simple diagram in Fig. 3, which reflects all the essential
features of the systems [107]. When the initial feed containing the monomeric or
polymeric precursors freezes at a moderate negative temperature (Fig. 3a), the
frozen system consists of at least two phases, namely the solvent polycrystals and
the UFLMP where the solutes are concentrated (Fig. 3b). Due to the considerable
increase in the concentration of solutes in these liquid-like inclusions, the gelation
can intensify and result in the formation of a 3D polymeric network within the
volume of this phase. Thus, a cryogel is formed in a solution of the precursors that is
much more concentrated than the initial solution. After thawing of the frozen
system, numerous macropores arise in place of the melted solvent crystals
(Fig. 3c). Hence, the crystals act as a pore template or porogen, whereas the
structure of gel phase (the pore walls) is determined by the initial concentration
of gelling agents and by the number of crosslinks of the respective spatial networks.

2.4 Thawing of the Frozen System

Thawing of the gelation system after incubation in a frozen state for a necessary
time period is the last basic stage of the cryotropic gelation processes. The least
energy-consuming procedure is a simple spontaneous thawing of the frozen system
at an appropriate positive temperature. The conditions of thawing are generally
unimportant as long as the formation of a particular covalent cryogel is mainly
completed before this stage, i.e., if the reactions are virtually stopped and the
gel-fraction yield reaches the maximum possible value. However, it is sometimes
necessary to stop the gelation prior to its completion, e.g., for studying the variation
in gel-fraction yield with reaction time [7, 8, 22, 23, 27, 28, 32, 86]. In this case, fast
defrosting techniques should be employed in order to thaw the reacting system as
quickly as possible, but without overheating. The reactions may also be stopped
either by intense dilution or by addition of a relevant chemical inhibitor, e.g., free
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Fig. 3 (a—c) Conceptual diagram of the formation of polymeric cryogels. (From [107] with
permission from Elsevier)

radical scavengers in radical-type reactions. Sometimes, a short-term microwave
exposure can be used for fast defrosting [10, 65], or rapid heating of the frozen
system with a programmed rate.

Similarly to the non-equivalence of the chilling and freezing rates of the initial
feed, the rates of heating and defrosting (i.e., melting of the solvent crystals) should
also be distinguished. Whereas the heating rate is easy to govern using program-
mable cryostats, the defrosting rate corresponding to the melting of solvent crystals
is subject to multiple factors and is difficult to control.

The conditions of the thawing stage are often much more important in the
preparation of physical cryogels than for covalent gels. If the physical cryogels
are formed rapidly upon freezing of the feed containing certain precursors such as
starch polysaccharides [14, 15, 98, 108, 109] or agarose [33, 34], the contribution of
the thawing conditions to the final result is not very substantial. However, for slow
gelation systems like the solutions of PVA [7, 8, 44, 48, 93-95, 97,99, 110-114] or
locust bean gum [100, 102, 115], the thawing conditions become significant. The
plots in Fig. 4 illustrate the influence of the thawing rate on the shear modulus and
the fusion temperature of physical PVA cryogels [44]. The cryogels were prepared
by freezing of PVA solutions at —20 °C for 18 h followed by thawing at different
rates. The different curves in Fig. 4 correspond to initial PVA concentrations of
120, 100, and 80 g/L. Both the shear modulus and the fusion temperature of the
cryogels gradually increase as the thawing rate is decreased. For instance, at a PVA
concentration of 80 g/L (curve 3), decreasing the thawing rate from 0.3 to 0.003 °C/
min increases the modulus, i.e., the rigidity of the cryogels from 2 to 13 kPa. This
effect is even more pronounced in more concentrated samples. Thus, for the system
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Fig. 4 Effect of the thawing rate on (a) the shear modulus and (b) the fusion temperature of PVA
cryogels prepared by freezing of aqueous polymer solutions at —20 °C for 18 h. PVA concentra-
tions were 120 (/), 100 (2), and 80 g/L (3). (Plotted based on data from [44])

containing 120 g/ PVA (curve 1), the modulus increases by factors of 1.77 and
5.64 as the heating rate is increased from 0.3 to 0.03 and 0.003 °C/min, respec-
tively. The slow-thawed samples are also more thermoresistant, as evidenced from
the fusion temperatures (Fig. 4b), and the enthalpy of their fusion is also consider-
ably greater than that of fast-thawed samples. Note that when the moderately frozen
PVA solutions were heated with a high rate such as 15 °C/min, no cryogels were
obtained at all. Thawing of the samples at such a high rate led to the formation of
viscous and turbid (heterogeneous) fluid instead of a rubber-elastic gel [44, 93, 95],
whereas the efficiency of PVA cryotropic gelation (such as the yield of gel-fraction)
increases when defrosting is slowed down [113]. The results thus show that the
slower the thawing rate, the larger the modulus (i.e., strength of the resulting
cryogels) and the heat endurance. The reason is the fact that, since gel formation
proceeds slowly in highly viscous UFLMP medium, the sol-gel transition in such
systems requires a long time to occur so the PVA microcrystallites in the nodes of
spatial network become more perfect at slow thawing rates.

Studies on the fine details of the processes taking place at the thawing stage have
shown that the formation of a supramolecular 3D physical network of PVA
cryogels proceeds most intensively within the subzero temperature range between
4 and 1 °C below the melting point of the system [44, 93, 99]. In NMR experiments,
the well-resolved '*C NMR signals of frozen samples in this temperature range
indicate segmental mobility in PVA chains [78], which is a necessary factor for
effective interchain interactions. Hence, the longer the system stays within this
temperature range during defrosting, the higher is the gel formation efficiency. For
instance, at a heating rate of 3 °C/min, the temperature increases from —4 to —1 °C
within 1 min, while at a rate of 0.003 °C/min, it takes about 17 h [111]. Thus, slow-
enough defrosting ensures a prolonged passage time across the temperature diapa-
son, which favors the formation of stronger PVA cryogels. At low heating rates, the
system has sufficient time for slow PVA microcrystallization, which promotes the
extent of intermolecular contacts. This leads to an increased degree of hydrogen-
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binding cooperativity rather than to an increase in the number of microcrystallites.
The former is manifested in a substantial increase in the fusion enthalpy, whereas
the latter leads to a moderate increase in the fusion temperature of cryogels, i.e., to a
small change in the entropy factor. At a qualitative level, there is an analogy with
the crystallization of low molecular weight substances upon cooling of their hot
saturated solutions; when the system is cooled slower, less crystals are formed, but
their sizes are larger and the crystalline lattice becomes more perfect [116].

The regime of the thawing stage also influences markedly the macroporous
structure of such noncovalent cryogels. During sufficiently slow heating of frozen
samples, the gel formation occurs at subzero temperatures and, simultaneously, the
re-crystallization of the frozen solvent is intensified, which has an impact on the
porous morphology of the resulting cryogels. This influence is demonstrated by the
micrographs in Fig. 5, which show thin sections of PVA cryogels formed at
different heating rates. The cryogels were prepared from aqueous PVA solutions
frozen under identical thermal conditions but defrosted at heating rates of 0.3
(Fig. 5a), 0.03 (Fig. 5b), and 0.003 °C/min (Fig. 5c¢). Because slowing of defrosting
of the frozen system results in an increase in the rigidity of the corresponding
cryogels (Fig. 4a), it can be suggested that such changes in their mechanical
parameters are caused not only by the strengthening of the gel phase of heteroge-
neous material, but also by a decrease in the inhomogeneity of its structure, where
the macropores act as defects. This was indeed observed. As seen in Fig. 5, the
slower the thawing of the frozen system, the less pronounced is the orientation of
the texture elements. Most likely, this effect is associated with the re-crystallization
of ice at slow heating of the frozen samples when the system has enough time to
balance the temperature fields, and the processes of mass transfer participating in
re-crystallization become equiprobable in all directions. In this regard, the texture
of the sample shown in Fig. 5b seems to be transient between the clearly unidirec-
tional texture of the rapidly thawed sample (Fig. 5a) and the texture of a very slowly
defrosted sample pierced with intersecting pores (Fig. 5c¢). In addition, slowing
down of the heating rate at the thawing stage leads to a decrease in the total porosity
of PVA cryogels and in a slight diminution in the average cross-section of the
macropores (see caption to Fig. 5).

Another freeze—thaw procedure having a strong impact on the properties and
porous morphology of noncovalent cryogels such as PVA-based cryogels is the use
of multiple or iterative “freezing—frozen storage—defrosting” cycles. This variant of
cryogenic treatment results in the growth of the crystallinity degree of PVA
cryogels [117-120]. Such thermal cycling is able to increase considerably the
strength of physical cryogels and their heat endurance [111, 121-133]. One of the
reasons for this effect is the fact that the gelation system passes across the above-
indicated subzero temperature zone several times, which is very favorable for such
cryotropic gel formation. Thus, the durations of the several traversals at the subzero
temperature range are virtually summed. Such a “temperature saw” also affects the
pore morphology of the resulting cryogels. This is illustrated by the micrographs in
Fig. 6, which show the effect of the number of cycles on the pore morphology of
PVA cryogels. The second freeze—thaw cycle results in a significant increase both



64 V.I. Lozinsky and O. Okay

Fig. 5 (a—c) Optical micrographs of thin sections of PVA cryogels prepared by freezing of
aqueous polymer solutions (100 g/L) at —20 °C for 18 h and then thawed at a rate of 0.3 (a),
0.03 (b), and 0.003 °C/min (c). The average size of macropores was 2.8 (a), 2.7 (b), and 2.5 pm (c).
The fraction of macropores was 61.3 (a), 53.1 (b), and 49.6 % (c). Scale bars: 20 pm. (From [44]
with permission from Springer)

in the average size of macropores (by a factor of 2-3) and in the total (macro)
porosity (by ~30 %), whereas the subsequent cycles cause only a slight increase in
these characteristics. At the same time, both the rigidity and the fusion temperature
of the cryogels continue to increase with every following cycle. These experimental
results demonstrate that the pore space of PVA cryogels is mainly expanded during
the second freezing step when the ice crystals grow inside the micrometer-sized
pores formed after the first freeze—thaw cycle, whereas the gel formation processes
in the gel phase continue to occur at every subsequent thawing stage.
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Fig. 6 (a—c) Optical micrographs of thin sections of PVA cryogels prepared by iterative freezing
of aqueous polymer solutions (100 g/L) at —20 °C for 18 h and then thawed at a rate of 0.3 °C/min.
The number of freeze—thaw cycles was 1 (a), 2 (b), and 5 (c¢). The average size of macropores was
2.8 (a), 6.1 (b), and 6.5 pm (c). The fraction of macropores was 61.3 (a), 80.8 (b), and 79.8 % (c).
Scale bars: 20 pm. (From [129] with permission from Springer)

In summary, we can conclude that the conditions of each step in the preparation of
cryogels affect the course of gelation and, hence, the properties and structure of the
resulting gel materials. The extent of the influence of the processing conditions is
different and depends on the chemical nature of the cryogel precursors, their initial
concentrations, and on the temperature regimes of the cryogenic stages, i.e., on the
parameters of freezing, frozen storage, and defrosting. Therefore, there is no general
procedure for the preparation of any cryogel; for each specific case a preliminary
search for the most suitable conditions is required to obtain the materials with desired
characteristics. Such a search can sometimes involve a lot of effort; however, it gives
useful information regarding the factors that are important for each kind of cryotropic
gelation process as well as the fine details of the corresponding mechanisms.
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3 Specific Effects of Gel Formation in Moderately Frozen
Systems

3.1 Apparent Decrease in the Critical Concentration
of Gelation

One of the principal conditions for conventional gelation at positive temperatures is
that the concentration of the precursors in the feed has to exceed a certain boundary
value, called the critical concentration of gelation (CCG) [2]. The same is also true
for cryotropic gel formation. In the early systematic studies on the main factors
influencing the properties of freeze—thaw gels, it was found that cryogels can be
obtained at initial precursor concentrations considerably lower than the critical
values needed for gel formation at positive temperatures. Such a decrease in CCG
is inherent in the formation of both chemically crosslinked cryogels [19, 20, 26, 27]
and noncovalent gels [12]. This effect has been observed for cryostructuring in
moderately frozen aqueous systems [20, 26, 27] as well as in organic systems
[27]. Figures 7 and 8 represent typical examples of such an effect. These data
concern covalent-type gelation in ‘“solvent—polymeric precursor—crosslinking-
agent” systems, namely crosslinked chitosan gels in an aqueous medium (Fig. 7)
and crosslinked poly(styrene) gels in nitrobenzene medium (Fig. 8). Figure 7a
shows the scheme of the crosslinking reaction of chitosan using glutaraldehyde as
a crosslinker. In Fig. 7b, c, the gel-fraction yield is plotted against the initial
chitosan concentration and the initial molar ratio of aldehyde to amine groups,
respectively. The two curves represent data for chitosan gels formed at —8 and
24 °C. It is seen that the crosslinking of chitosan with glutaraldehyde at —8 °C
results in the formation of cryogels at about one third of the initial polymer
concentration compared with the formation of conventional gels at 24 °C. More-
over, there is also an approximately threefold difference in the critical crosslinking
agent concentration in terms of the molar ratio of aldehyde to amine groups
(Fig. 7c). The reason for this phenomenon is the cryo-concentration effect
(Fig. 3), since the gel phase of cryogels forms within the UFLMP, which is more
concentrated than the initial solution. Therefore, the decrease in CCG in cryotropic
gel formation is an apparent decrease due to the confinement of the reacting species
to the microreactor UFLMP [8]. Qualitatively, the same trend was observed during
the synthesis of covalent cryogels in organic media, which is exemplified by the
crosslinking of poly(styrene) using 4,4’-xylylene-dichloride via the Friedel-Crafts
reaction (Fig. 8a). Such cryogels possess a wide-pore spongy texture and can be
obtained in moderately frozen nitrobenzene (7o = +5.5 °C). In Fig. 8b, the
gel-fraction yield is plotted against the polymer concentration for gels prepared at
relative temperatures AT of —19 °C and 428 °C. The critical polymer concentration
at AT = —19 °C is six times lower than that at 28 °C. Thus, the data in Figs. 7 and
8 demonstrate the universal character of the effect under discussion in both aqueous
and organic media.
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Fig. 7 (a) Crosslinking reaction of chitosan using glutaraldehyde as a crosslinker in aqueous acetic
acid solutions. (b, ¢) Gel-fraction yield plotted against the initial chitosan concentration (b) and the
initial molar ratio of aldehyde to amine groups (c). Gelation temperature was —8°C (curve 1) and
24 °(curve 2). CCG critical concentration of gelation (Plotted based on the data from [26])

Another interesting example illustrating the cryo-concentration effect is the shift
of pH during the acetalation reactions between the OH groups of poly(vinylalcohol-
co-vinylacetate) (80:20 by mole) and CHO groups of glutaraldehyde (Fig. 9a). The
mechanism of this reaction in acidic media includes the initial protonation of the
carbonyl of aldehyde [134]. Thus, at low concentrations of hydroxonium ions, the
reaction rate is slow and, therefore, the gels are usually synthesized at pH < 1.5-1
in order to ensure high-enough yield of the gel-fraction [135, 136]. In Fig. 9b, c, the
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Fig. 8 (a) Crosslinking reaction of polystyrene using xylylene dichloride as a crosslinker in
nitrobenzene. (b) Gel-fraction yield plotted against the initial polymer concentration expressed in
molarity of styrene (S7) units. Relative temperature (AT) was —19 °C (curve 2) and 28°C (curve 1).
(Plotted based on the data from [26])

gel-fraction yield is plotted against the initial pH of the polymer solution for
gelation at 24 °C and for cryogelation at —12 °C, respectively. The boundary pH
value of the feed at which cryogels can be generated (Fig. 9c) has shifted by about
0.5 units toward less the acidic zone as compared to the case of conventional gels
(Fig. 9b). Such a difference in pH corresponds to about a threefold difference in the
concentration of H* ions. Thus, the apparent decrease in CCG due to the cryo-
concentrating effect is reflected in this example with an increase in medium acidity
rather than in the gel precursor concentration [7]. It is also interesting to compare
the osmotic characteristics, e.g., the equilibrium swelling capacities of such gels
and cryogels. Figure 9d, e shows the equilibrium swelling degrees of the gels and
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Fig. 9 (continued)

cryogels in water, plotted against the pH of the initial feed solution. The homophase
chemically crosslinked PVA gels swell strongly in water (Fig. 9d), and their
swelling degree increases considerably (from tens of grams to more than 100 g
water per gram of dry polymer) as the pH of the feed rises from 1 to 3 due to the
decreasing crosslinking efficiency. However, the heterophase sponge-like cryogels
are not only formed under apparently less acidic initial conditions, but also their gel
phase swells significantly less than the corresponding homophase gels (from several
to 20-30 g water per gram of dry polymer). This indicates a higher crosslinking
extent of the 3D networks in the cryogel samples as compared to the conventional
gels synthesized under identical crosslinking agent content and pH. The reason for
the different swelling behavior of PVA gels and cryogels is because the cryo-
concentration processes in UFLMP give rise to an increase in the concentrations
of both the gel precursors and H* ions. This facilitates the formation of a more
concentrated, highly crosslinked gel matrix forming the pore walls in such cryogels.

In this connection, we should note that for such wide-pore gel matrices, the
swelling capacity of the gel phase is an essential indicator of the polymer content in
this phase and of the crosslinking extent. By contrast, the total volume occupied by
such swollen gel materials is a less informative indicator for the properties of the
polymeric network. This is due to the fact that the volume occupied by free solvent
inside the capillary-sized pores accounts for the greater part of the liquid absorbed
by these wide-pore sponges. In turn, the fraction of tightly bound solvate liquid
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Fig. 9 (a) Crosslinking reaction of poly(VA-co-VAc) (80:20 by mole) using glutaraldehyde as a
crosslinker in aqueous acid solution. (b—e) The gel-fraction yield (b, ¢) and the swelling degree of
the gels in water (d, e) plotted against the initial pH of the feed solution. Gelation temperature was
24°C (b, d) and —12 °C (c, e). Polymer concentration was 50 g/L. Glutaraldehyde molar ratio with
respect to OH groups in the polymer was 5.6 (curve 1), 11.2 (curve 2), 16.8 (curve 3), and 22.4 mol
% (curve 4). (Plotted based on the data from [8])

inside the pore walls is only a small share of the whole volume of liquid soaked up
by such polymer materials. The net amount of the free liquid is determined by the
inner volume of the large pores, which depends on the total mass of solvent crystals
formed in the system during the cryotropic gelation process and, to a certain extent,
on the size of these crystals. The liquid from the capillaries of the sponge-like
cryogels can be squeezed off by mechanical compression, sometimes almost
completely [46], whereas the solvate fraction can only be removed from the
polymer matrix by intense drying, i.e., by heating under reduced pressure. Thus,
the total volumetric swelling degree does not characterize the osmotic properties of
the gel pore walls in the wide-pore cryogels. However, in some cases, comparison
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of the swelling behavior of cryogel matrices in different solvents can be an indicator
of the affinity of the capillary system of cryogels with respect to the tested liquids.

The apparent decrease in CCG is also characteristic during the formation of
polymerization-type cryogels. This phenomenon was first observed upon compar-
ison of the critical concentrations of vinyl and divinyl comonomers, namely
acrylamide and N,N’-methylene(bis)acrylamide, for the formation of poly(acryl-
amide) gels and cryogels [7, 8, 19-23]. At room temperature, the CCG for this
gelation system lies in the vicinity of 2 wt% and also varies depending on the ratio
of vinyl and divinyl components [137-139]. However, when the polymerization
occurs in a moderately frozen medium, wide-pore sponge-like poly(acrylamide)
cryogels can be prepared using at least half the concentration of the comonomers [7,
19]. The physicochemical features of such gelation systems are considered in more
detail in [47]. Here, it is reasonable to emphasize only that the effect of an apparent
decrease in CCG is common for the formation of any type of chemically
crosslinked cryogels, and this effect is mainly determined by the increase of
precursor concentration in the volume of UFLMP as the solvent freezes out.

The question is whether the same decrease in CCG is also inherent in the
formation of physical cryogels. The answer in most cases is obviously, yes. For
instance, the gelation process of aqueous solutions of locust bean gum was inves-
tigated both at positive and negative temperatures. Locust bean gum is a polygalac-
tomannan gum consisting of poly(1,4-B-p-mannose) main chain and 1,6-a-D-
galactose pendant chains with a mannose to galactose ratio of 1:4 [140]. Solutions
(1-4 wt%) of locust bean gum remain fluid during prolonged storage at positive
temperatures and they transform into very weak gels only after 2-3 months
[141]. However, cryogenic treatment of the same feed systems produces cryogels
within a short period of time [100, 102, 115, 142-144]. Thus, the effect of CCG
decrease was clearly demonstrated for such cryogels. They are thermoreversible,
i.e., the cryogels can be melted by heating and they form again after a new freeze—
thaw cycle. The morphology of the cryogels based on locust bean gum is hetero-
geneous; they resemble soft sponges as long as the initial polysaccharide concen-
tration is lower than 2.0-2.5 wt%. Such sponge-like cryogels exclude free liquid
under a slight compression. Although cryogenic treatment of more concentrated
locust bean gum solutions also yields gel materials, they do not exclude free liquid
under a moderate pressing. However, the latter gels are similar to the physical PVA
cryogels in that they are also macroporous because, during cryotropic gel forma-
tion, ice polycrystals act as porogens and macropores of various sizes and archi-
tecture remain in the cryogel body after thawing.

There are also other examples of the manifestation of a CCG decrease during the
formation of noncovalent cryogels. The precursors (i.e., polysaccharides, proteins,
synthetic polymers) together with the conditions of gel formation processes and the
appearance of the final material are listed in Table 2. These data demonstrate the
universal character of the CCG decrease in both aqueous and organic media during
cryotropic gelation as compared to conventional gelation. The best studied among
the processes of the formation of noncovalent cryogels is the cryotropic gelation of
PVA solutions. The reason for this is twofold: First, the final “products”, i.e., the
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Table 2 Influence of the freeze—thaw treatment on the solutions of polymeric precursors capable
of forming physically crosslinked gels

Precursor
concentration in

Temperature of Appearance of the

the gelation

samples after the gel

Precursor the feed (wt%) Solvent process (°C) formation process References
Agar-agar 0.5 Water +20 Rather weak gel [12]
—10 Sponge-like cryogel
1.0 +20 Weak gel
—10 Sponge-like cryogel
Agarose 0.5 Water 420 Jelly-like system [7]
(low-gellin- -20 Weak sponge-like
g-tempera- cryogel
ture brand)
Amylopectin 1.0 Water  +18 Thin precipitate [98]
—18 Non-spongy cryogel
5.0 +18 Very viscous paste
—18 Non-spongy rigid
cryogel
Gelatin 0.5 Water  +20 Liquid [12]
(A-type) —10 Sponge-like cryogel
1.0 +20 Liquid
—10 Sponge-like cryogel
1.5 +20 Very weak gel
—10 Sponge-like cryogel
Locust-bean 0.3 Water +18 Turbid liquid [100, 115]
gum -30 Spongy cryogel
3.0 +18 Viscous opaque paste
-30 Non-spongy cryogel
Maltodextrin®  12.5 Water  +18 Opalescent liquid [101]
—24 Spongy weak cryogel
Oat p-glucan 3.0 Water +22 No gel formation [145, 146]
—18 Spongy cryogel
Potato starch 2.5 Water +18 Rather weak starch [147]
gel
—18 Sponge-like cryogel
PVA® 15.0 Water +25 Mechanically weak [13]
gel
PVA® 10.0 Water  +20 Liquid [12,92]
-10 Non-spongy cryogel
—20 Rather rigid cryogel
16.0 +20 Liquid
+2 Very weak gel
—10 Rigid cryogel
-20 Rigid cryogel
13.0 DMSO AT = +1.6 Liquid [12]
AT = -28.4 Rather rigid cryogel

“Molecular weight 8 kDa

"Duration of the incubation at gelation temperature 12 days

“Molecular weight 69 kDa
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noncovalent PVA cryogels, possess outstanding mechanical and thermophysical
properties. Second, owing to the very simple structure of the polymer itself, they are
very convenient model systems for studying the fine mechanisms of cryotropic
noncovalent gelation [8, 111, 112, 127, 129, 130, 148—-152]. The shift in CCG upon
the formation of PVA cryogels is also very remarkable. Even concentrated (10—
16 wt%) aqueous and DMSO solutions of PVA (the latter must be highly deacylated
PVA) do not transform to gels at room temperature for many days, whereas the
freeze—thaw cycle produces viscoelastic cryogels that can be fused only when
heated up to 60-80 °C. Similarly to the formation of chemically crosslinked
cryogels, the main reason for such a decrease in CCG is the cryo-concentration of
the gel precursors, strengthening the polymer—polymer interactions owing to higher
overlapping of the polymer coils in the more concentrated medium of UFLMP.

3.2 Acceleration of Gel Formation Over a Certain Range
of Negative Temperatures

One of the important consequences of the cryo-concentration effect is an acceler-
ation of cryotropic gel formation processes within a certain range of negative
temperatures as compared with conventional gelation [8]. Since the rate of the
second or higher order reactions is proportional to a positive power of the concen-
tration of the reactants, a freezing-induced increase in the precursor concentration
within the UFLMP accelerates cryogelation reactions [54, 62-64]. The reaction
scheme in Fig. 10a illustrates the oxidative gelation of a thiol-derivative of poly
(acrylamide) in the presence of water-dissolved air oxygen acting as a crosslinking
agent [28, 153, 154]. Since the number of free SH groups decreases during the
course of interchain coupling through the formation of disulfide crosslinks, the
evolution of SH group concentration with time reflects the process dynamics.
Figure 10b shows the variation in the amount of residual SH groups in 2 wt%
aqueous polymer solutions at positive (15 and 25 °C) and negative (—15 and
—25 °C) temperatures. Two arrows (Fig. 10b) indicate the vicinity of the gel points
for the unfrozen and frozen gelation systems. The rate of the decrease in thiol group
content (i.e., the crosslinking rate) increases and the gel point shifts to shorter times
in the moderately frozen polymer solutions as compared to unfrozen solutions.
Remarkable is the shortening of the gelation time, which differs by a factor of about
22 in favor of cryotropic gel formation.

The thermal prehistory of such cryogenically gelling systems also influences the
process dynamics. The kinetic data in Fig. 10b were obtained by conventional
freezing of the feeds, i.e., without low-temperature quenching, as mentioned in
Sect. 2.2. When the same reaction solutions are subjected to the low-temperature
quenching technique to freeze the feeds quickly, one obtains the plots illustrated in
Fig.10c. Here, the decrease in the thiol group content of the polymer is shown
during the course of the first 2 h of the reaction. Note that the zero time in these plots
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Fig. 10 (a) Crosslinking reaction of thiol-containing poly(acrylamide) in aqueous acid solutions.
(b, ¢) Variation in the percentage of residual thiol groups on the polymer chains with reaction time.
The freezing technique was conventional (b) or low-temperature quenching (c). Gelation temper-
atures are indicated. White and black arrows in b indicate the vicinity of the gel points in unfrozen
and frozen gelation systems, respectively. Plotted from the data of [28]

corresponds to the moment of transfer of the reaction solutions from liquid nitrogen
into the cryostat/thermostat chamber with a pre-set temperature. A certain delay
(i.e., lag period) is observable at the start of the reactions at negative temperatures,
followed by a quick decline of the SH content of polymer chains. For the gelation
reactions conducted at positive temperatures, the reaction rates with and without
low-temperature quenching are identical. However, at negative temperatures,
low-temperature quenching further accelerates the gelation reactions. Moreover,
except for the lag phase, the slope of the kinetic curves obtained both at —15 and
—20 °C is much higher than that obtained at positive temperatures. Thus, indepen-
dent of the thermal history, the rate of the crosslinking reactions is much faster in
frozen solutions than in unfrozen solutions due to the existence of UFLMP.
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The volume and concentration of solutes in UFLMP depend on the cryoscopic
properties of the solvent, the freezing temperature, concentration of the precursors
in the feed, their solubility, and their dimensions, i.e., molecular weights. In this
connection, it is of interest to demonstrate how the presence of an inert additive
(e.g., an inert polymer) can affect the reaction kinetics in such non-deeply frozen
systems. This effect was investigated in cysteine—cystine conversion by oxygen
[28]. Figure 11a shows the scheme of the oxidation of cysteine, a thiol-containing
amino acid, to the respective disulfide by water-dissolved air oxygen. Figure 11b
presents the kinetic curves of this reaction as the dependence of the thiol group
content of cysteine on the reaction time [28]. When the reactions are conducted at
room temperature or at —15 °C (represented by the curves 1 and 3, respectively, in
Fig. 11b), the concentration of SH groups slowly diminishes with time due to this
oxidation, i.e., the reactions proceed slowly. When the initial cysteine solution also
contains about 1 wt% poly(acrylamide) as an inert polymeric additive, no marked
effect was observed at room temperature (curve 2 in Fig. 11b). Thus, the polymer
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does not have any chemical impact on the process of interest. However, a signif-
icant acceleration of cysteine oxidation occurs in the presence of polymer when the
temperature is decreased to —15 °C (curve 4 in Fig. 11b). Since the water solubility
of cysteine is low, the slow rate of the reactions in the frozen solution at —15 °C is
due to the fact that the system is in the post-eutectic state and the amount of cysteine
dissolved in UFLMP is very small. However, the presence of a hydrophilic
unreactive polymer carrying bound water molecules increases the solubility of
both cysteine and oxygen so that their concentrations in UFLMP increase and,
hence, the reaction rate increases. This example also demonstrates one of the
possible approaches for performing the reactions with thermally instable and
insufficiently soluble low molecular weight substances. The presence of an inert
polymeric additive during cryogelation protects the precursors from thermal
decomposition and accelerates the reactions due to the cryo-concentration effect.

The acceleration of gel formation and the non-equivalence of its dynamics,
depending on the thermal prehistory of moderately frozen reaction systems, were
also observed during the synthesis of polymerization-type cryogels. One typical
example is the formation of poly(acrylamide) gels starting from acrylamide mono-
mer and N,N’-methylene(bis)acrylamide crosslinker in aqueous solutions with
using of redox initiator systems (Fig. 12a). In Fig. 12b, c, gel fraction versus
reaction time plots at various gelation temperatures are shown for reaction solutions
frozen by conventional and low-temperature quenching procedures, respectively
[23]. At positive temperatures, lowering the reaction temperature from 25 to 13 °C
causes a decrease in the rate of ordinary gel formation, and thus results in a lower
gel-fraction yield. This is expected. However, performing the reactions in a mod-
erately frozen system leads to a faster gelation as well as to a higher yield
(Fig. 12b). The freezing mode, i.e., the thermal history of bringing the system to
the reaction temperature, also affects the course of cryotropic gel formation
(cf. Fig. 12b, c), thus pointing to the non-equivalence of the phase states in such
differently frozen polymerizing systems. Similar trends were also observed by use
of NMR during the formation of poly(acrylamide) cryogels [50], as well as during
the linear cryopolymerization of acrylamide in moderately frozen aqueous media,
where different freezing procedures (conventional freezing, flash freezing, and
low-temperature quenching) were employed [65].

The acceleration of gelation over a certain range of negative temperatures is also
inherent during the formation of physical cryogels. This fact was already partially
touched upon in the discussion of the data in Table 2, for instance, regarding the
gelation time of aqueous solutions of locust bean gum or PVA. The same effect was
also observed in maltodextin- and B-glucan-containing systems [101, 145, 146], i.e.,
in systems where the noncovalent self-gelation at positive temperatures proceeds at
a rather slow rate. Probably, somewhat similar events do take place in fast-gelling
systems such as aqueous solutions of agarose, amylopectin, amylopectin—amylose
mixtures, or concentrated solutions of gelatin. However, because of their rapid self-
gelation before freezing, the additional acceleration due to the presence of UFLMP
can hardly be detected.
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Fig. 12 (a) Free-radical crosslinking copolymerization of acrylamide and N,N'-methylene(bis)
acrylamide. (b, c¢) Gel-fraction yield plotted against reaction time for the case of conventional
freezing (b) and low-temperature quenching (c). Gelation temperatures are indicated. (Plotted
based on the data from [23])
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3.3 Bell-Shaped Temperature Dependence of Cryotropic
Gelation Efficiency

In early studies on the kinetic features of simple model reactions in moderately
frozen systems, it was found that the temperature dependence of the reaction rates is
bell-shaped [62, 63]. This type of temperature dependence is a consequence of
competition between the acceleration effect because of the cryo-concentration and
the deceleration effect due to the decreasing thermal mobility of the reactants and
increasing viscosity in the medium of UFLMP at negative temperatures [54,
63]. The temperature dependence of cryotropic gelation efficiency is, as a rule,
also bell-shaped during the formation of both covalent and noncovalent cryogels
[8]. In the following, such effects are demonstrated for cryogels produced via
chemical crosslinking of macromolecular precursors as well as for the
polymerization-type and noncovalent cryogels.

Figure 13 shows the temperature dependence of the gel-fraction yield during the
formation of chitosan-based cryogels, when this polyaminosaccharide was
crosslinked with various amounts of glutaraldehyde (for the reaction scheme see
Fig. 7a). The results reveal that, in the moderately frozen aqueous medium, the
highest performance of the crosslinking process was achieved in the vicinity of
—25 °C, whereas above and below this temperature the gel-fraction yield was
lower [10].

Because the freezing procedure employed (i.e., the thermal history of the
system) influences the cryotropic gelation dynamics, it is reasonable to anticipate
that it can also affect the temperature dependence of the gel formation efficiency.
Indeed, this assumption was confirmed experimentally. Figure 14 is a relevant
example showing the temperature dependence of the initial rate (vo) of SH group
decline in the course of oxidative gelation of thiol-bearing poly(acrylamide)
[28]. Curves 1 and 2 correspond to the reaction systems subjected to conventional
freezing and low-temperature quenching procedures, respectively. The distinctions
are obvious: when the reaction solution is subjected to the low-temperature
quenching procedure, the initial rates become slower over the whole range of
reaction temperatures studied, and the position of the maximum shifts towards a
lower temperature. These results testify once again that the reaction conditions in
moderately frozen systems, especially at the initial stages, differ significantly
depending on the thermal prehistory, i.e., on the freezing procedure employed.
Most probably, one of the main reasons for this effect is the nonequivalence of the
phase states in such differently frozen gelling systems. Nonetheless, the bell-like
character of curves 1 and 2 in Fig. 14 is very similar, thus showing the generality of
the tendencies described by such temperature dependences, irrespective of the
thermal history. At the same time, no differences were observed in vy values for
the gelation in solutions without any freezing (solid line in Fig. 14) and initially
frozen in a liquid nitrogen followed by placing in a thermostat with pre-set positive
temperature (dashed line in Fig. 14).
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Fig. 13 Gel-fraction yield
plotted against temperature
for chitosan cryogels
crosslinked using
glutaraldehyde. Polymer
concentration in the initial
solution was 1.6 wt%. NH,-
to-CHO molar ratio was
2.5:1 (curve 1), 15:1 (curve
2) and 25:1 (curve 3). (From
[10] with permission from

90

85

79

Springer)

Gel-fraction yield (%)

75

r T T T T T T

-30 -20 -10 0
Temperature (°C}

The bell-shaped temperature dependence of the gelation rates is, as mentioned

already, due to the competition between the favorable and adverse factors. The
favorable factors are as follows:

1.

2.

The cryo-concentration effect leads to increased concentrations of solutes within
the UFLMP, facilitating the reaction efficiency.

The effect of the so-called thermodynamic selection of the reactions [63] that are
characterized by the lowest values of the activation energy.

. The heat sink from the reaction system is useful for the exothermic processes so

that it is also one of the favorable factors, provided that the heat is released
during the gelation, as it usually is for free-radical polymerization.

. Since the dielectric conductivity € increases as the temperature decreases, the

polarity of the solvent in UFLMP is higher than its polarity at positive temper-
atures, which is an additional favorable factor. For example, during the hetero-
lytic reactions where the separation of charges is of significance, e.g., coupling
of polymeric precursors through the formation of aldimine (Fig. 7a), alkyl-aryl
(Fig. 8a), or acetal (Fig. 9a) crosslinks, increasing the polarity of the reaction
medium also increases the efficiency of the respective reactions.

. During the formation of noncovalent cryogels from the polymeric precursors

exhibiting an upper-critical-solution-temperature (UCST) behavior, cooling
down the reaction solution also facilitates the sol-to-gel transition.

There are also several factors acting adversely on gel formation in moderately

frozen systems as follows:
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1. According to the Arrhenius principle, a decrease in temperature lowers the

thermal mobility of the solutes and thus, decelerates the reactions. This is the
most significant unfavorable factor affecting the cryogelation process.

. The high viscosity of UFLMP is the second unfavorable factor for cryotropic gel
formation. This factor is significant for cryogelation reactions starting from
polymeric precursors. Since the lower the temperature of a moderately frozen
system, the larger the amount of frozen solvent and, thus, the higher the polymer
concentration in UFLMP, the resulting high viscosity strongly hinders the
translational and segmental mobilities of the polymeric precursors and interferes
with their interactions. The molecular weight of the polymeric precursors also
affects the course of gel formation. The higher the molecular weight of the
polymeric solute, the higher is the extent of coil overlap and, hence, the higher is
the probability of intermolecular interactions. On the other hand, the higher the
chain length of the polymers, the higher is the viscosity of the equiconcentrated
polymer solutions. Thus, these two trends act oppositely and compete against
each other in the course of gel formation. This is also the reason why a bell-like
dependence of the gelation efficiency on the molecular weight of the polymeric
precursors is often observed. For particular examples, see [32, 44, 155] dealing
with the synthesis of chitosan and poly(acrylamide) cryogels via crosslinking by
glutaraldehyde, and with the noncovalent cryotropic gelation of aqueous
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solutions of PVA of various molecular weights. Therefore, it is desirable to
perform some preliminary experiments with polymeric precursors of different
molecular weights in order to search for an optimum value of this parameter.

3. The formation rate of crosslinks between the polymer chains is also a factor
capable of hindering the gelation processes inside the UFLMP. When the
reactions proceed slowly, the crosslinks are generated rather uniformly through-
out the UFLMP. However, for the fast reactions, the polymer chains are rapidly
bridged by the introduction of the first crosslinks, once the primary network is
formed, the subsequent crosslinks in highly viscous UFLMP are strongly ham-
pered. This effect can result in a pronounced inhomogeneity in the crosslink
density distribution within the network. To minimize this effect and, thus, to
prepare cryogels with reproducible properties and porous morphology, one can
reduce the reaction rates and the initial concentration of the precursors.

All these favorable and unfavorable factors and mechanisms are effective to a
different extent during cryotropic gelation in both aqueous and organic media. For
instance, Fig. 15 shows the bell-like temperature dependence of the gel-fraction
yield when poly(styrene) was crosslinked with 4,4’-xylylene dichloride in nitro-
benzene (see Fig.8a for the reaction scheme). At temperatures 30—40 °C lower than
room temperature, the efficiency of polymer crosslinking is higher than in unfrozen
solutions (curve with open circles in Fig. 15) [27]. Thus, close similarity in the
character of such temperature dependences for the processes in frozen aqueous and
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Fig. 16 Time for the onset t (h)
of gelation #,_, plotted .
against the temperature
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feed was 30:1. (From [23]
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Wiley)
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organic media obviously proves that the same factors are responsible for the
efficiency of cryotropic gel formation in solvent—polymeric precursor—crosslinking
agent systems, irrespective of the type of crystallizing solvent.

Temperature dependences of the rate of cryogelation reactions and the cryogel
properties were also investigated in reaction systems leading to the formation of
polymerization-type cryogels, i.e., in solvent—-monomers—initiator systems.
Figure 16 shows the reaction time for the onset of gelation (i.e., the gel-point
time, t,_,) during the redox-initiated copolymerization of acrylamide and
N,N"-methylene(bis)acrylamide in aqueous solutions plotted against the reaction
temperature. The curves 1 and 2 in Fig. 16 represent the trend of data obtained from
the reaction solutions subjected to conventional freezing and low-temperature
quenching procedures, respectively [23]. The shortest time to reach the gel point
at —20 °C was 15 and 14 min for the conventional freezing and low-temperature
quenching, respectively. At room temperature, this time is about four times longer
(~1 h). This feature was already touched on in the discussion on the acceleration
effect inherent in cryotropic gelation as compared with gel formation at positive
temperatures. Moreover, an interesting point can also be gained by comparing
curves 1 and 2 in Fig. 16 within the temperature interval from —20 to —10 °C.
For the reaction solution subjected to the conventional freezing procedure (curve 1),
i.e., when the solution just after initiator addition is placed into the cryostat chamber
with the required preset temperature, a concave upward bell-like dependence of
t,_p on the reaction temperature was observed. In contrast, application of the
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Fig. 17 Influence of the freezing/frozen storage temperature on (a) the shear modulus and (b) the
fusion temperature of PVA cryogels. Initial polymer concentrations were 120 (curve 1), 100 (curve
2), and 80 g/L (curve 3). (Plotted based on the data from [44])

low-temperature quenching procedure using liquid nitrogen markedly alters the
temperature dependence between —10 and —20 °C. This result most probably
indicates that, when a deeply frozen system is heated to the subzero level, the
concentration of the reactants in the resulting UFLMP at the early stages of gel
formation is higher than that in the UFLMP formed as a result of a conventional
mode of freezing. The reason for such an effect is obviously a low rate of solid-to-
liquid phase transition of solvent crystals after the low-temperature quenching [23,
50, 65]. This phenomenon in its nature resembles prolonged (days) thawing of snow
and ice in spring when the environmental temperature is already considerably
higher than the ice melting point.

The last example in this section concerns the temperature dependence of the
efficiency of the noncovalent cryotropic gel formation. This is illustrated in Fig. 17
for PVA cryogels, where their shear moduli (Fig. 17a) and the fusion temperatures
(Fig. 17b) are plotted as a function of the freezing temperature. The cryogels were
prepared by freezing aqueous solutions of PVA (80-120 g/L) for a fixed time at
various negative temperatures followed by defrosting at the same rate [44]. The
modulus and the fusion temperature of the cryogels represent their rigidity and heat
endurance, respectively, and are indicators of the gelation performance. It can be
seen that both of these parameters also have bell-shaped dependences on the
process temperature. This also indicates the competition of the facilitating and
inhibiting mechanisms participating in the formation of such gel matrices. Thus,
lowering the storage temperature of the frozen solution results in the formation of a
larger mass of solvent crystals and, hence, increases the polymer concentration in
UFLMP so that PVA gelation becomes more efficient, as in the case of systems
having a higher initial PVA concentration in the feed. On the other hand, the drastic
increase in viscosity within UFLMP hinders efficient intermolecular interactions
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and, thus, formation of PVA microcrystallites, the nodes in the final cryogel. As a
result, the temperature dependences of the respective parameters pass through the
maxima, a common trend for the formation of physical cryogels in general.

Summing up the discussion on the influence of favorable and detrimental factors
on cryotropic gel formation, one can see that their competition is the main reason
for the bell-like temperature dependence of the gelation efficiency. This effect is
manifested both for chemically crosslinked cryogels and noncovalent gels, when
either monomeric or polymeric precursors are used, and both in aqueous and
organic media. So, such bell-shaped dependences are a characteristic feature of
cryotropic gel formation. However, the exact position of the corresponding maxima
or minima on the temperature axis depends on the particular cryogelation system.
Therefore, the necessity of preliminary search for the “optimal” temperature con-
ditions for freezing and for frozen storage is evident. Although such preliminary
studies can require time and effort, only this path will result in cryogels with the
best possible properties and structure.

3.4 Generation of Specific Porosity Peculiar to Cryogels

The scheme in Fig. 3 visually demonstrates formation of macroporosity in cryogels
due to the presence of polycrystals of frozen solvent acting as porogens. Depending
on the nature of the cryogel precursors, their initial concentrations, the type of the
solvent used, and the cryogenic processing conditions, it is possible to obtain
cryogels with pores having a cross-section from the submicron range up to several
micrometers (Figs. 5 and 6), or supermacroporous (wide pore) gel matrices similar
to the sponge-like chitosan-based cryogels (Fig. 1) where the cross-section of large
pores ranges from tens to hundreds of micrometers. Certainly, some “intermediate”
variants are also possible. The main characteristics of the porosity of cryogels have
been described in several review papers [8, 9, 107, 111, 114, 130, 148—150, 152,
156-164], and are also considered in [47]. However, certain aspects of
macroporosity generation in the course of freeze—thaw gelation will be discussed
in this section.

We will first consider the reason why the size of pores in the cryogels varies by
two orders of magnitude depending on the synthesis conditions. This is mainly due
to the different size of the pore template (i.e., the frozen solvent polycrystals),
which depends on the amount of freezable solvent under the freezing conditions
employed. For instance, when the initial concentration of the monomeric precursors
is not too high, i.e., less than 10 wt%, the fraction of free solvent freezable at
moderate negative temperatures is large, and the viscosity of the feed solution is not
so high as to markedly inhibit crystal growth. This effect leads to the formation of
large polycrystals and, hence, large pores. On the other hand, when the initial
concentration of the polymeric precursors is high, a greater part of the solvent is
bound to the dissolved macromolecules so that the volume of the freezable liquid is
considerably less than in the previous case, leading to a high solution viscosity that
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hinders the growth of solvent crystals. As a result, only relatively small porogen
particles can be formed, thus generating relatively small pores in the resulting
cryogels.

In this connection, PVA solutions subjected to multiple freeze—thaw cycles
represent a specific case where the porosity characteristics are governed not only
by the conditions of the first cryogenic cycle, but also by the following cycles [111,
126-130, 133, 149, 165, 166]. As illustrated in Fig. 6, the most significant step-like
changes in the size and shape of the macropores occur during the second cycle.
During this cycle, the free solvent crystallizes mainly within the space of the
already formed “primary” macropores, where the liquid contains only a small
amount of sol-fraction [113]. Therefore, the viscosity within this space is consid-
erably lower than that of the initial PVA solution, and larger ice particles are
formed. In addition to widening of the primary pores by these growing crystals, a
certain compression of the pore walls owing to the physical stresses caused by the
ice crystallization also occurs, thus facilitating compaction of the proper gel phase
in the heterophase material. As a consequence, after the second freeze—thaw cycle,
the cross-section of the macropores increases by a factor of 2-3, whereas further
cryogenic cycles have an insignificant influence on the size and shape of these
pores [133].

The cryogenic processing conditions of PVA solutions also affect significantly
the porous structure of PVA cryogels. To demonstrate this effect, noncovalent PVA
cryogels were prepared starting from aqueous solutions of PVA (100 g/L)
according to two different freezing and frozen-storage procedures [44]:

(a) PVA solution was frozen at —20 °C for 24 h
(b) PVA solution was first frozen at —20 °C for 1 h, then incubated at a fixed
negative temperature between —5 and —1.1 °C for 23 h

The micrographs in Fig. 18a, b represent thin sections of PVA cryogels formed
by the two procedures, respectively, where the latter was incubated at —2 °C. The
morphology of the cryogel formed by a single-temperature freezing differs mark-
edly from the two-temperature freezing procedure. As pointed out in Sect. 2.4, ata
storage temperature of —2 °C, cryotropic gelation of PVA occurs with the highest
efficiency. Moreover, ice re-crystallization phenomena are also very intensive at
this temperature [167—169]. Since the prolonged incubation of the frozen sample at
—2 °C equalizes the temperature fields in all directions, the branched crystals are
formed as a result of the re-crystallization. After defrosting, such secondary crystals
leave a net-like system of intersecting macropores in the body of the PVA cryogel.

The next key feature of the textural morphology of freeze—thaw gels is the
interconnected character of their macropores. The main reason for such a porous
character is the 3D growth of porogen particles (i.e., solvent crystals) during
freezing of the feed system, whereby the growth stops for a particular facet of a
crystal when it comes into tight contact with some facet of a neighboring growing
crystal [8]. During subsequent thawing of the frozen sample, these contact areas are
transformed into the connections between macropores. When the unidirectional
freezing technique is employed, the propagation rates of different facets are
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Fig. 18 Micrographs of thin sections of PVA cryogels prepared from aqueous solutions of PVA
(100 g/L) using (a) single-temperature and (b) two-temperature procedures. The freezing/storage-
frozen regimes were —20 °C for 24 h (a) and —20 °C for 1 h and then —2 °C for 23 h (b). The
average size of macropores was 2.8 (a) and 2.4 pm (b). The fraction of macropores was 61.3 (a)
and 52.5 % (b). Scale bars: 20 pm. (From [44] with permission from Springer)

strongly unequal, and crystal growth dominates in the direction that follows the
vector of temperature gradient. Nonetheless, other facets are also enlarged and have
the possibility to come into contact with their neighbors, thus forming future
connections between the unidirected macropores in the defrosted cryogel.

The interconnected character of the pores in stimuli-responsive cryogels is also
responsible for their fast response rate to a change in the external conditions. As is
well known [170, 171], hydrogels may exhibit drastic volume changes in response
to specific external stimuli, such as temperature, solvent quality, pH, electric field,
etc. However, such stimuli-responsive hydrogels prepared by conventional tech-
niques exhibit a slow rate of response to external stimuli. For instance, the kinetics
of the collapse of temperature-sensitive swollen hydrogels is controlled by heat
transfer into the gel and by diffusion of the solvent out of the gel, where both of
these processes depend on the size of the gel sample. The larger the gel size, the
lower is its response rate. The presence of interconnected pores of capillary size in
cryogels, as well as the high polymer content of their pore walls, ensure their very
fast volumetric response to external stimuli. Thermoresponsive poly(N,N-diethyla-
crylamide) and poly(N-isopropylacrylamide) cryogels are typical examples of
stimuli-responsive cryogels [172, 173]. As the temperature passes across the critical
(LCST) point, the gel phase (pore walls) deswells so that the inner water is rapidly
squeezed out of the cryogel through the system of interconnected capillaries. In
such spongy gel matrices, absorption or desorption of water occurs through the
macropores by convection, which is much faster than the diffusion process that
dominates inside the conventional hydrogels. Figure 19 shows a typical example of
the dynamics of heating-induced collapse of poly(N,N-diethylacrylamide) gels,
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Fig. 19 Thermally induced collapse of poly(N,N-diethylacrylamide) hydrogel (curve I) and
cryogel samples (curve 2) upon increasing the temperature from room temperature to 60 °C.
The variation in the volume of the gel samples is shown as a function of the deswelling time.
Synthesis conditions: initial monomer concentration 5.66 wt%; molar ratio of vinyl to divinyl
monomers 200:1; gelation temperature +20 °C (curve 1) and —10°C (curve 2). (From [172] with
permission from Springer)

where the variation in gel volume is plotted against the deswelling time. Here, the
gel samples swollen to equilibrium in water at room temperature were immersed in
water at 60 °C, and the volume change was recorded as a function of time. Data
obtained from hydrogels and cryogels are shown in curves 1 and 2 of Fig. 19,
respectively. Compared to the conventional gel, the rate of deswelling is much
faster and the extent of volume variation is much larger for the cryogel sample due
to its 3D pore structure.

Another aspect related to the formation of macroporous structure in polymeric
cryogels is the implementation of auxiliary porogens in addition to the solvent
crystals. Combination of various pore-forming agents allows one to vary the
macroporous morphology of the cryogel-type materials over a very wide range.
Such auxiliary agents can be divided into two groups: first, the pore-formers that
can be later extracted from the gels, such as silica particles, salts, or oil droplets; and
second, those that cannot, such as gas bubbles. In the first case, the corresponding
porogens can be either temporarily insoluble or even soluble in the feed, while the
second group includes permanently insoluble disperse matter playing the role of
pores.

One of the simplest examples of a temporarily insoluble porogen is chalk or
silica powder, whose particles are initially dispersed in the feed to be cryogenically
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treated. Such feed systems result in the formation of composite cryogels with
incorporated fillers, which are then dissolved by rinsing the composite with aqueous
acid or alkali. The pores formed with the aid of such additives are isolated from
each other and have a size close to that of the filler grains, whereas the system of
interconnected macropores is ensured by cryotropic gel formation. Hydrophobic oil
can also be used as an insoluble porogen in the preparation of hydrophilic thermo-
or pH-responsive poly(N-isopropylacrylamide)-based copolymer cryogels [174—
176]. After preparation of such wide-pore spongy gel composites, they contain
entrapped microdroplets of hydrophobic liquid. These droplets can be removed
upon the stimulus-induced collapse of the cryogel, i.e., by heating or by changing
pH. Since the collapse is reversible, when the collapsed cryogel is placed in oil-free
water, it swells again so that additional “non-cryotropic” spherical pores filled with
water instead of oil microdroplets can be obtained. By iterative collapse—swelling
cycles it is possible to remove completely such hydrophobic auxiliary porogens.
The soluble auxiliary pore-forming agents are compounds dissolved in the
common solvent together with the gel precursors. The porogenic properties of
these agents may affect the crystallization of the liquid medium so that they are
also called modifiers of solvent crystals. This effect is illustrated by the micro-
graphs in Fig. 20, which show the images of thin sections of PVA cryogels prepared
in the presence of various low molecular weight salts at two different concentra-
tions. All the samples were cryostructured under identical freeze—thaw conditions,
and Table 3 summarizes their porosity parameters [177]. The porous morphology of
PVA cryogels is affected by both the nature and the concentration of low molecular
weight electrolyte additives. The size of the macropores decreases as the salt
concentration is increased, in accord with the well-known influence of salts on
the spatial geometry and size of ice crystals [167, 178, 179]. Moreover, the
influence of other processes like the salting-out effect, which leads to an increase
in the ionic strength of UFLMP, cannot be excluded. As a result, certain integral
changes in the macroporous morphology of cryogels can be registered at the
resolution provided by an optical microscope. In other words, such low molecular
weight salt additives act as powerful pore modifiers for the resulting cryogels, and
their impact is achieved via their influence on the course of solvent crystallization.
Certain soluble auxiliary pore forming agents may induce a liquid-liquid phase
separation. Spongy PVA-based cryogels prepared from “water-PVA—gum arabic”
feeds are a good example of the influence of such phenomenon on the formation of
additional pores in cryogels [180]. Aqueous feed systems containing a gel-forming
agent (PVA) and a polymeric additive (gum arabic) unable to form noncovalent
cryogels are interesting because they demonstrate the effect of thermodynamic
incompatibility of the polymeric components on the texture of the resulting
cryogels. Several types of PVA cryogels prepared from such multicomponent
feeds have been described, where the auxiliary pore-forming agents were both
synthetic polymers and natural biopolymers such as polysaccharides, proteins,
and nucleic acids. All of these additives affect the properties and the porous
structure of the formed PVA cryogels [181-187]. There are potentially two extreme
variants of PVA-based feed systems capable of liquid-phase de-mixing. First, the
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Fig. 20 (continued)

solution of PVA and the polymer additive can be frozen while in a homophase
liquid state. As the pure ice is initially crystallized, both polymeric components are
concentrated in the UFLMP. This cryo-concentration process causes liquid—liquid
phase separation within the volume of the unfrozen inclusions. In the second case,
the initial common solution of PVA and the polymeric additive can undergo liquid—
liquid separation prior to the cryogenic treatment, a behavior inherent in the well-
known Albertsson’s liquid two-phase polymeric systems [188], so that the already
formed two coexisting liquids are frozen. Certainly, there can be some intermediate
variants because the phase segregation in viscous polymer solutions occurs rather
slowly, i.e., the process is kinetically controlled.

An example of the first case is the preparation of macroporous PVA cryogels in
aqueous solutions of PVA in the presence of poly(ethylene glycol) of molecular
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Fig. 20 (a-h) Micrographs of thin sections of PVA cryogels formed in the presence of alkali
metal chloride additives at a concentration of 0.6 (a, b, ¢, d) and 1.2 M (e, f, g, h). Salt additives:
LiCl (a, e), NaCl (b, ), KClI (c, g), and CsCl (d, h). Initial polymer concentration was 100 g/L.
Conditions of cryotropic gelation were freezing at —20°C for 24 h and defrosting with a rate of
0.03 °C/min. (From [177] with permission from Springer)

weight 1,000 g/mol (PEG-1000) acting as an auxiliary porogen [182]. At PEG-1000
concentrations below 10 wt%, although the initial solution is homophase, two
liquid phases appear within the UFLMP during the course of the freezing/frozen-
storage stage due to the freeze-induced concentrating effect. NMR studies show
that these are PV A-rich and PEG-rich phases [151, 189]. Cryotropic gelation of the
PV A-rich phase fixes the morphology of the complex system containing segregated
phases. Thus, the PEG-rich phase acts as the auxiliary porogen causing the forma-
tion of so-called “compartments” [189], i.e., the large pores in addition to the
ice-templated pores.
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Table 3 Data from morphometric analysis of images of thin sections of PVA cryogels formed
without and with salt additives

Morphometric data

Alkali metal Salt concentration in the initial Fraction of Average size of
chloride solution (M) macropores (%) macropores (pm)
- 0 57.7 5.62
LiCl 0.3 61.6 4.73
0.6 63.8 3.02
0.9 53.8 2.74
1.2 46.9 2.51
NaCl 0.3 42.0 2.40
0.6 55.4 2.32
0.9 76.6 2.14
1.2 48.6 2.11
KCl1 0.3 50.1 2.77
0.6 57.6 3.03
0.9 64.4 2.62
1.2 52.7 2.58
CsCl 0.3 47.0 2.29
0.6 544 2.79
0.9 52.1 2.77
1.2 55.1 2.81

From [177] with permission from Springer

Another type of auxiliary extractable porogen is gum arabic (GuAr), which was
used for the preparation of PVA cryogels from the above-mentioned two-phase
ternary system, namely from the “water—PVA—GuAr” system. This system contains
the gel-forming PVA and the water-soluble GuAr, whose aqueous solutions per se
are not transformed into cryogels after freezing—frozen storage—thawing stages. The
cryotropic gelation of such feeds at various PVA/GuAr ratios and concentrations, as
well as the properties of the resulting gel matrices were explored in detail in the
study [180]. The micrographs in Fig. 21 demonstrate the hierarchy of the
macropores in such cryogels. Here, the morphology of the cryogel samples is
given at four different magnifications. The dark areas in the pictures are the
PV A-based gel phase stained with Congo Red, while the clear areas are the pores
of various shape and size. The gross through-hole pores with a cross-section of the
order of 1 mm can be observed, even in the survey photograph of a whole
2-mm-thick disc (Fig. 21a). These capillary-sized pores are also seen in an optical
microscope at a low magnification (Fig. 21b). At a fivefold higher resolution
(Fig. 21c), one can distinguish a high porous morphology of the gel matter,
which is the continuous phase in this spongy heterogeneous material, where the
roundish pores are also observed. The micrograph in Fig. 21d of the thin section
illustrates the structure of space between the gross pores. Here, at least two kinds of
pores are distinguished within these gel matrices, namely the “larger” roundish
pores of 10-70 pm in diameter (some of which are somewhat deformed) and the
“smaller” pores, also rounded, of ~1-5 pm in diameter. Hence, these micrographs
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Fig. 21 Porous morphology of wide-pore PVA cryogels prepared using the feed system water—
PVA-GuAr. (a) Photograph of 2-mm-thick disc stained with Congo Red. (b, ¢) Survey micro-
graphs of the same disc obtained with an optical microscope at two different magnifications. (d)
The image of a thin section of the disc. (From [180] with permission from RCS)

testify to the definite hierarchy in the porous morphology of such polymeric gels
prepared by combining the processes of liquid—liquid phase separation and
cryotropic gelation.

Note that the fine microstructure of such gel systems is provided by the light
microscopy of their thin sections, a technique successfully employed for the
analysis of various PVA cryogels, including conventional, complex, and composite
gels [44, 48, 133, 150, 177, 190]. This technique is important because it allows
visualization of the intact morphology of water-swollen PVA cryogels, whereas, for
instance, SEM analysis allows the observation of either dried or frozen (cryo-SEM)
samples that are not intact.

The hierarchical pore system of the cryogels under discussion is manifested in
the presence of several kinds of macropores that differ significantly in their size.
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Whereas the largest capillary pores are interconnected and, therefore, liquids can
easily leak through blocks of such wide-pore cryogels (Fig. 21a, b), the rounded
pores of other kinds are closed (Fig. 21c, d). The former are replicas of the
continuous GuAr-rich phase in the two-phase system formed as a result of liquid—
liquid separation. The heterogeneous morphology of such a system is fixed by the
cryotropic gelation of the PVA-rich phase. Since the cross-section of pores in
conventional PVA cryogels generated by the ice polycrystals does not usually
exceed 1-3 pm [92, 95, 126, 150, 165, 166, 177, 191], it is evident that the 10—
70-pum pores (Fig. 21b, d) are also replicas of the non-gelling GuAr-rich phase, but
in this case dispersed as liquid droplets in the bulk PV A-rich phase. Moreover, the
smallest pores visible in the light microscopy image of Fig. 21d are, most probably,
left in the gel matter by the ice particles after thawing. The pores of the latter type
have a rounded shape, whereas those observed in the “conventional” PVA cryogels
prepared under the same conditions but without foreign polymeric additives are
usually anisodiametric (prolate) in their shape (see Figs. 5, 6, and 18). We have to
mention that the round-shaped ice-derived pores in PVA cryogels are also inherent
in the gel matrices prepared with the addition of surfactants as pore modifiers,
which are capable of influencing the shape of the ice crystals by decreasing the
surface tension at the solid—liquid interface during crystal growth [192]. Thus, such
“rounding” of the pores inside the gel phase of wide-pore cryogels fabricated from
the water—-PVA—GuAr feeds are probably due to the surfactant properties of GuAr
macromolecules present in a small amount in the initial PVA-rich phase.

The last type of auxiliary pore-forming agents that will be considered here are
the gaseous porogens. These agents are constantly being entrapped in the cryogel
matrix and perform as the pores per se. Examples of such porogens are small gas
bubbles, and the resulting gas-filled cryogels can be termed “foamed cryogels.”
Inside the foamed freeze—thaw gels, two sorts of macropores can be distinguished:
the cryogenically induced macropores, i.e., those derived from the thawed solvent
polycrystals, and the closed microbubbles remaining entrapped in the cryogel after
defrosting of the frozen foam. Such gas-filled gel materials, PVA-based gels in
particular, have been prepared, studied, and some promising instances of their
practical application have been reported [192—-197]. In these works, the gaseous
porogen was generated either using physical methods, e.g., whipping, barbotage,
microfluidic foaming techniques [192-194, 197], or via the chemical liberation of
gas products, e.g., by the reaction of ammonium chloride with sodium nitrite
(NH4CI + NaNO, — NaCl + 2H,0 + N,7), that were introduced into the feed
prior to its freezing [196].

For instance, foamed cryogels were fabricated by mechanical whipping of
aqueous PVA solutions followed by freezing of the resulting foams, storing the
samples frozen, and then slowly defrosting [193]. The peculiarities of the porous
morphology of such gel foamed matrices are illustrated by the microphotographs in
Fig. 22a, b, which show thin sections of the samples prepared by cryostructuring of
the PVA-based liquid foam. These foamed cryogels possess two sorts of pores
distinguishable by optical light microscopy. The first type are the gross round pores
of ~50 to ~250 pm in diameter formed by the auxiliary pore-forming agent, i.e., by
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Fig. 22 Optical micrographs at two different magnifications of thin sections of foamed PVA
cryogels prepared from the fluid foam produced by whipping of aqueous polymer solutions in the
(a, b) absence and (c, d) presence of the surfactant CTAB at a concentration of 0.415 mM. Initial
polymer concentration was 120 g/L. Cryotropic gelation conditions: freezing temperature —20 °C;
freezing duration 18 h, thawing rate 0.03 °C/min. (From [192] with permission from Springer)

the air bubbles. The second type are smaller prolate pores with a cross-section of
around 1-3 pm within the gel phase in the space between the bubbles. The pores of
the latter type are typical of cryogenically induced pores in conventional PVA
cryogels (e.g., see Figs. 5 and 6), and these pores are filled with water rather than
gas. The microbubble-type pores generated by simple whipping or by the barbotage
of a gas through a porous filter to the initial polymer solution have a wide size
distribution. In this respect, a recently developed microfluidic foaming technique is
attractive because it allows a rather narrow, practically monodisperse distribution
of pore dimensions [197]. The air bubbles entrapped in the PVA cryogel matrix
decrease its density down to values smaller than that of water, thus imparting
buoyancy to such cryogels, i.e., foamed cryogels can float in water for a long
time and do not sink [193].

The impact of surfactant additives on the porous structure of foamed cryogels is
of special interest. Fig. 22¢c, d shows the micrographs, at two different magnifica-
tions, of thin sections of foamed PVA cryogels stained with Congo Red. The gel
samples were prepared by whipping of an aqueous PVA solution having the same
initial polymer concentration as the sample shown in Fig. 22a, b, but it additionally
contained dissolved surfactant, cetyltrimethylammonium bromide (CTAB). Even
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at a small concentration of CTAB (e.g., 0.415 mM), the microstructure of the
cryogel undergoes very significant changes [192]. The cross-section of the
ice-templated pores is enlarged from 1-3 pm (Fig. 22b) to 4-5 pm (Fig. 22d) due
to the presence of the ionic surfactant. Simultaneously, the morphology of the gel—
gas interfaces also changes drastically. Although the surface of these interfaces in
surfactant-free foamed cryogel is almost smooth (Fig. 22a, b), the presence of
CTAB causes pronounced ulceration of the surface (Fig. 22c, d). A similar effect
was also observed using sodium dodecyl sulfate as an anionic surfactant additive
[192]. Thus, the presence of surfactants significantly affects the shape of the
gaseous macropores. It is evident that bubbles with such a pitted surface cannot
exist in the initial liquid foam, since such foam would be absolutely unstable.
Therefore, this unusual morphology of the gas—gel interfaces appears to be due to
the decreased surface tension between the liquid—gas interfaces and the growing
facets of ice crystals, which can evidently pierce the air bubbles. However, the
freezing solidification of the foam and consequent formation of cryogel in the
bubble walls prevent the complete destruction of the bubbles, thus “imprinting” a
certain intermediate structure of the boundary layers. Hence, surfactants similar to
CTAB in terms of their influence on the foams can be considered as auxiliary
modifiers of the architecture of gaseous pores within the foamed cryogels.

The results presented here thus show that there are very broad possibilities for
affecting the macroporosity parameters in diverse cryogels and to govern, within
certain limits, the architecture and size of the pores templated by the solvent
crystals. In addition, there are many possibilities for creating multifarious addi-
tional macropores in these gel matrices by using auxiliary porogens. In each
particular case, the approach employed depends on the purpose of the produced
cryogel and on the set of material properties required for its efficient application.

4 Conclusions

Finalizing the overview of the literature related to the general aspects of cryotropic
gelation processes, the following basic conclusions can be drawn [7-9, 105, 107,
111, 114, 148]:

1. Cryotropic gel formation is a liquid-phase process occurring in the unfrozen
liquid microphase of a macroscopically frozen system.

2. The final products of such cryostructuring are macroporous, sometimes wide-
pore sponge-like, gel matrices, i.e., cryogels.

3. Due to concentrating of solutes in the unfrozen liquid microphase, an apparent
decrease in the critical concentration of gelation is observed in cryotropic gel
formation as compared to gelation at positive temperatures

4. Acceleration of the gel formation is usually observed in the moderately frozen
systems over a definite range of negative temperatures. The key reason for such
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an acceleration is also the increased concentration of gel precursors in the
unfrozen liquid microphase compared with their concentration in the initial feed.

5. A bell-like dependence of the gelation efficiency on the process temperature is
inherent in cryotropic gel formation.

6. The properties and macroporous morphology of cryogels are controlled by the
gelation temperature, solvent used, concentration of the gelling compounds, the
presence of other solutes, freezing and thawing rates, freezing mode, duration of
the frozen storage, and some other factors.

Finally, polymeric cryogels have a wide range of applications; this statement is
confirmed by the majority of recent experimental papers and reviews relating to the
implementation of cryogel-type materials in various applied areas (e.g., see reviews
[152, 163, 164, 198-203] published in 2013). Certain important aspects related to
the application of various cryogels are also considered in the subsequent chapters of
the present volume.
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Abstract Polymeric gels belong to the most important class of functional poly-
mers in modern biotechnology. They are useful materials for drug delivery systems,
artificial organs, separation operations in biotechnology, processing of agricultural
products, on—off switches, sensors, and actuators. Despite this fact and considerable
research in this field, the design and control of gel-based devices still present some
problems due to the their poor mechanical performance and slow rate of response to
external stimuli. Cryogelation techniques discovered more than 30 years ago
overcome these limitations by producing macroporous gels with high toughness
and superfast responsivity. This chapter discusses how and why the properties of
gels significantly alter upon transition from homogeneous gelation to a cryogelation
regime. The formation and structure—property relationships of cryogels starting
from monovinyl-divinyl monomers, as well as from linear polymer chains, are
reviewed using examples from the recent literature. Some novel cryogels with a
wide range of tunable properties and their applications are also presented in detail.
These include DNA cryogels for the removal of carcinogens from aqueous envi-
ronments, silk fibroin cryogels as mechanically strong scaffolds for bone tissue
engineering applications, poly(acrylic acid) cryogels as self-oscillation systems,
and rubber cryogels as reusable oil sorbent for the removal of oil spill from
seawater.
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Abbreviations

o Dissociation degree

X Polymer—solvent interaction parameter

A Deformation ratio

Ve Effective crosslink density

o Nominal stress

Ocomp Compressive stress

Op Critical stress corresponding to the plateau regime
AAc Acrylic acid

AAm Acrylamide

AMPS 2-Acrylamido-2-methylpropane sulfonic acid sodium salt
APS Ammonium persulfate

BAAm N,N-methylene(bis)acrylamide

BDDE 1,4-Butanediol diglycidyl ether

C Monomer concentration in the unfrozen zones

CBR cis-Polybutadiene

C, Initial concentration of the monomeric or the polymeric precursors
Cr Rubber concentration

Csp Fibroin concentration

DMA N,N-Dimethylacrylamide
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DMSO
DNA
E
EGDE
EtBr
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HEMA
k

Myel

NIPA

PAAc
PAAm
PAMPS
PDMA
PIB

PMAAc
PNIPA

PSA
PVA

Dimethyl sulfoxide

Deoxyribonucleic acid

Young’s modulus

Ethylene glycol diglycidyl ether

Ethidium bromide

Effective charge density

Shear modulus

2-Hydroxyethyl methacrylate

Reduced flow rate

Normalized gel mass with respect to its equilibrium swollen mass
N-Isopropylacrylamide

Total porosity or the volume fraction of frozen solvent in the reaction
system

Poly(acrylic acid)

Polyacrylamide

Poly(AMPS)

Poly(DMA)

Butyl rubber, a linear polyisobutylene containing small amounts of
internal unsaturated groups (isoprene units)

Poly(methacrylic acid)

Poly(NIPA)

Swollen state porosity

Poly(SA)

Poly(vinyl alcohol)

Equilibrium volume swelling ratio (with respect to dry state)
Equilibrium weight swelling ratio (with respect to dry state)
Sodium acrylate

Styrene-butadiene rubber

Scanning electron microscopy
N,N,N',N'-Tetramethylethylenediamine

Cryogelation temperature

Molar volume of solvent

Volume swelling ratio with respect to the after preparation state of gels
Total volume of open pores

1 Introduction

Polymeric gels are crosslinked polymers swollen in a liquid. The polymer serves as
a matrix to hold the liquid together, while the liquid inside the gel allows free
diffusion of some solute molecules. Polymeric gels can be prepared from either
monomeric or polymeric precursors dissolved in a solvent. However, the most
commonly used method is the free-radical crosslinking copolymerization of a
monovinyl monomer with a divinyl monomer (crosslinker) in solution. In the
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case of hydrophilic gels, called hydrogels, an ionic comonomer is also included in
the monomer mixture to increase the swelling capacity in aqueous environment.
The desired property of gels, such as the swelling capacity, the modulus of
elasticity, and the degree of heterogeneity, is obtained by adjusting the concentra-
tion as well as the composition of the reaction constituents [1]. Ionic hydrogels
swell up to 1,000 times their dry volume when in contact with water. They also
exhibit drastic volume changes in response to specific external stimuli such as
temperature, solvent quality, pH, electric field, etc [2]. Depending on the design of
the hydrogel matrices, this volume change may occur continuously over a range of
stimulus level, or discontinuously at a critical stimulus level. These properties of
hydrogels and their similarities to biological systems have received considerable
interest over the last three decades. Today, these soft and smart materials belong to
the most important class of functional polymers in modern biotechnology [3]. They
are useful materials for drug delivery systems, artificial organs, separation opera-
tions in biotechnology, processing of agricultural products, on—off switches, sen-
sors, and actuators [1, 4].

Despite this fact and considerable research in this field, the design and control of
gel-based devices still present some problems because a number of network prop-
erties are inversely coupled. For example, decreasing the degree of crosslinking of
gels in order to increase their mesh size results in their accelerated degradation.
Further, loosely crosslinked gels are fragile materials when handled in the swollen
state; typically, they rupture at very low strains due to the lack of an efficient energy
dissipation mechanism in the gel network. Moreover, the response rate of gels
to external stimuli is not as fast as required in many application areas. This is due to
the fact that the kinetics of the gel volume change involves absorbing or desorbing
solvent by the polymer network, which is a diffusive process. This process is slow,
and even slower near the critical point [5]. Hence, design of gels with a good
mechanical performance together with a fast response rate is crucially important in
many existing and potential application areas of soft materials.

A number of techniques for toughening of gels have recently been proposed,
including double network gels [6], topological gels [7], gels formed by hydrophobic
associations [8], gels made by mobile crosslinkers such as clay nanoparticles
(nanocomposite hydrogels) [9], and microsphere composite hydrogels
[10]. Although these techniques create energy dissipation mechanisms to slow
crack propagation and, thus, improve the mechanical properties of gels, they exhibit
a slow response rate to external stimuli. In order to achieve rapid changes in the gel
volume, a common strategy is to create an interconnected pore structure inside the
gel network [11]. For a polymer network having an interconnected pore structure,
absorption or desorption of solvent occurs through the pores by convection, which
is much faster than the diffusion process that dominates the nonporous polymer
networks.' The basic technique for obtaining polymer gels with a macroporous

"In the early works, the space between the network chains in a swollen homogeneous gel was
defined as “porosity” or “molecular porosity.” However, this term is clearly misleading because
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TUBITAK

Fig. 1 SEM images of macroporous networks formed by (a) phase separation and (b)
cryogelation techniques. (a) PNIPA network: Co= 20 % (w/v); BAAm = 30 wt% (with respect
to NIPA); Tprep=22.5 °C; diluent, water. (Reprinted from [14] with permission from Elsevier). (b)
PAAm network: Tpep = —18 °C;Co= 3 % (W/v); crosslinker ratio (molar ratio of BAAm to AAm)
= 1:80. (From [23] with permission of Taylor & Francis Group, LLC). Scale bars: 1 pm (b),
100 pm (b)

structure was discovered at the end of the 1950s [11-13]. This technique involves
the free-radical crosslinking copolymerization of the monomer—crosslinker mixture
in the presence of an inert substance (the diluent or porogen), which is soluble in the
monomer mixture. In order to obtain macroporous structures, a phase separation
must occur during the course of the network formation process so that the
two-phase structure formed is fixed by the formation of additional crosslinks
[12]. After the polymerization, the diluent is removed from the network, leaving
a porous structure within the highly crosslinked polymer network. This mechanism
of porosity formation known as “reaction-induced phase separation” leads to the
formation of macroporous gels consisting of agglomerates of polymer particles of
various sizes that look like cauliflowers. Figure la shows a typical scanning
electron microscopy (SEM) image of a poly(/N-isopropylacrylamide) (PNIPA) gel
network formed by the phase separation technique [14]. Although macroporous
gels formed by phase separation exhibit a fast response rate to external stimuli [14],
their aggregate-like morphology (consisting of rather weakly joined microgel
particles) inevitably causes a significant reduction in their mechanical properties.
Moreover, since a large amount of crosslinker has to be used to induce a phase
separation during gelation, the network chains do not behave like flexible polymer
chains sensitive to external stimuli.

Cryogelation is a simple strategy that allows the preparation of macroporous gels
with high toughness and superfast responsivity. Although discovered over 30 years

the distance between the chains varies between zero and several nanometers depending on the
external conditions. Further, removing the solvent from a homogeneous gel results in a polymer
network that is nonporous. Thus, “porous gels” refers to materials having a dry state porosity,
characterized by a lower density of the network due to the voids as compared to the density of the
matrix polymer (see [11] for a detailed discussion).
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ago [15-19], cryogels have attracted intense attention only in the last 10 years due
to their extraordinary properties [20-22]. For instance, they do not display unde-
sirable properties such as brittleness, which is commonly observed for macroporous
gels formed by phase separation polymerization. Cryogels are very tough and can
withstand high levels of deformation, such as elongation and torsion; they can also
be squeezed almost completely without any crack propagation. The cryogelation
technique is based on the natural principle that sea ice is less salty than sea water,
i.e., the rejection of brine from freezing salt solutions. This principle is a conse-
quence of the insolubility of the salts in ice compared to their excellent solubility in
water. In cryogelation reactions, the reaction solution, generally containing the
monomers and the initiator, is cooled below the freezing point of the system; since
the monomers and the initiator will be enriched in the unfrozen microzones
surrounded by solvent crystals, the polymerization reactions only proceed in
these unfrozen regions containing a high concentration of monomer. The increased
monomer concentration in the unfrozen reaction zones (i.e., cryo-concentration) is
the main characteristic of the cryogelation reactions and is responsible for the
extraordinary properties of cryogels. A macroporous structure in the final material
appears due to the existence of solvent crystals acting as a template (or porogen) for
the formation of the pores. The removal of template (e.g., ice) is achieved by simply
holding the cryogel at temperatures above the solvent freezing point. This is another
advantage of the cryogelation technique over the phase separation technique, where
the latter requires extensive extraction of the gel to remove the porogen. In contrast
to the cauliflower-like microstructure of macroporous gels formed by phase sepa-
ration, cryogels exhibit a regular assembly of large pores of 10°~10" pm in size
separated by dense pore walls of several micrometers in thickness (Fig. 1b) [23].
This chapter discusses the conditions for formation of macroporous gels by the
cryogelation technique. It also discusses how and why the properties of gels
significantly alter upon transition from conventional gelation to the cryogelation
regime. The formation and structure—property relationships of cryogels starting
from monovinyl-divinyl monomers, as well as from linear polymer chains, are
reviewed using examples from the recent literature. Some novel cryogels based on
DNA, silk fibroin, poly(acrylic acid), and several types of rubbers with a wide range
of tunable properties are also presented in details together with their applications.

2 Preparation and Characterization of Cryogels

Cryogels are mainly prepared by crosslinking polymerization of monomers or by
crosslinking of linear polymers in frozen solutions. The most commonly used
monomeric and polymeric precursors, the crosslinkers, the general preparation
conditions, and characterization techniques are summarized in this section.
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2.1 Monomeric and Polymeric Precursors, Crosslinkers

Several monovinyl-divinyl comonomer pairs have been used for the preparation of
cryogels by free-radical crosslinking copolymerization. Mainly, water-soluble
monomers have been used in the synthesis of cryogels, such as acrylamide
(AAm) [16, 24-26], N,N-diethylacrylamide [27], N,N-dimethylacrylamide
(DMA) [28-30], acrylic acid (AAc) [31], N-isopropylacrylamide (NIPA) [32-34],
2-hydroxyethyl methacrylate (HEMA) [35], and 2-acrylamido-2-methylpropane
sulfonic acid sodium salt (AMPS) [36], in combination with N,N-methylene(bis)
acrylamide (BAAm), poly(ethylene glycol diacrylate), or biodegradable
crosslinkers [33, 35]. Nanosized clay particles (Laponite) can also be used as a
multifunctional crosslinker in the preparation of cryogels exhibiting very high
extensibility [34]. An ammonium persulfate (APS) and N,N,N N-
tetramethylethylenediamine (TEMED) redox initiator system is generally used to
initiate the polymerization reactions. Since the decomposition of the radical initi-
ators is temperature dependent, the reaction solutions should be cooled before
addition of the initiator. Otherwise, gelation will start before freezing of the
reaction system, resulting in the formation of conventional gels. Alternatively,
polymerization inhibitors such as hydroquinone can be included in the reaction
system to shift the onset of the reactions beyond freezing of the solution
[23]. Cryogelation reactions can also be initiated by ultraviolet (UV) or electron-
beam radiations so that the freezing time before the initiation step can be controlled
[37-39]. Controlled radical polymerization techniques such as reversible addition-
fragmentation chain transfer (RAFT) reactions have also been utilized for the
preparation of cryogels both in aqueous and organic media [30, 40]. Inspired by
the double-network (DN) technology developed by Gong and coworkers [6], DN
cryogels with dual sensitivity have also been prepared by conducting the
cryogelation reactions within the macropores of the single-network cryogels [41].

Cryogels can also be prepared starting from linear polymers in the presence of a
chemical crosslinker in aqueous or organic solutions. Several natural and synthetic
polymers have been used for the preparation of cryogels. The most popular
crosslinker for proteins is glutaraldehyde, which is highly active towards the
amine groups of a peptide chain in aqueous solutions. Proteins (e.g., gelatin,
fibrinogen, collagen, and bovine serum albumin), polysaccharides (e.g., chitosan,
hyaluronic acid), and synthetic polymers such as polyacrylamide (PAAm) and poly
(vinyl alcohol) (PVA) can be crosslinked using glutaraldehyde in their frozen
solutions [17, 42-44]. Cryogels were also prepared via crosslinking of amino
end-functionalized star-shaped poly(ethylene glycol) with heparin in aqueous solu-
tions [45]. However, it is not always necessary to use a crosslinker in the prepara-
tion of cryogels from polymeric precursors. For example, the hydrogen bonds
formed between PVA chains in the unfrozen reaction phase lead to microcrystalline
domains that act as crosslinkers in PVA cryogels [44, 46].

Di-epoxides such as ethylene glycol diglycidyl ether (EGDE) and 1,4-butanediol
diglycidyl ether (BDDE) in the presence of TEMED catalyst have been used as
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Scheme 1 (a) Nucleotide repeat unit of DNA and (b) the crosslinking reaction of the amino
groups on the nucleotide bases with EGDE, leading to DNA cryogels

crosslinkers in the preparation of DNA and fibroin cryogels [47-50]. EGDE and
BDDE contain epoxide groups on both ends that can react with nucleophiles such as
amino groups, sulfhydryls, and hydroxyls. Because the amino groups on the
nucleotide bases of DNA react with EGDE, heat-resistant interstrand crosslinks
form during the cryogelation reactions, leading to the formation of DNA cryogels
(Scheme 1) [48]. Silk fibroin cryogels can also be prepared using EGDE as a
crosslinker. Here, EGDE crosslinks between the NH, groups of arginine and the
lysine residues of fibroin molecules trigger the conformational transition of fibroin
from the random coil to f-sheet structure and, hence, cryogel formation
[49, 50]. Thus, fibroin cryogels contain both chemical crosslinks and f-sheet
structures acting as physical crosslinks.

Rubber cryogels can be prepared using sulfur monochloride (S,Cl,) as a
crosslinker [51-57]. Sulfur monochloride, a liquid at room temperature and soluble
in organic solvents, is an effective crosslinker for the crosslinking processes of
several types of rubbers, such as natural rubber, butyl rubber (PIB), cis-polybuta-
diene (CBR), and styrene-butadiene rubber (SBR) in organic media such as ben-
zene, cyclohexane, and toluene [52, 53, 55]. The crosslinking reactions between the
internal unsaturated groups of the rubbers via sulfur monochloride proceed in steps,
as in the reaction between ethylene and sulfur monochloride (Scheme 2)
[55]. Attack of sulfur dichloride on the internal vinyl group of the polymer leads
to the formation of pendant sulfur chloride groups on the chains acting as potential
crosslink points. Reaction of these groups with the internal vinyl groups on other
chains is responsible for the formation of effective crosslinks.

Instead of linear polymers, micrometer-sized gel particles can also be used for
the preparation of cryogels [58]. Such cryogels, with pore walls composed of close-
packed particles, have been obtained by crosslinking of frozen aqueous suspensions
of PNIPA gel particles or spherical and rod-shaped bacterial cells using glutaral-
dehyde as a crosslinker [58].
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Scheme 2 Crosslinking reactions between the internal unsaturated groups of PIB via sulfur
monochloride

2.2 Solvents and the Cryogelation Temperature

Water is cheap and benign to biological systems and, therefore, it is the most
commonly used solvent in cryogelation reactions. Organic solvents such as
dimethyl sulfoxide (DMSO) [32, 59], dioxane [24, 33, 40], formamide [24],
nitrobenzene [60], benzene [52], and cyclohexane [53] with relatively high freezing
points can also be used for the preparation of hydrophobic cryogels. Since the cryo-
concentration of the reaction constituents in the unfrozen domains is a requirement
for the formation of cryogels, the gelation temperature Tpep, is the most important
experimental parameter [61]. A so-called moderate temperature is commonly used
for cryogelation reactions [62], which means a sufficiently low temperature, e.g.,
several degrees lower than the freezing point of the system. T}, is usually set to 2—
20 °C below the bulk freezing temperature of the solvent. In addition, the type of
cooling of the reaction solution to T, also affects the cryogel properties. For
example, liquid cooling provides much faster freezing of the reaction solution than
air cooling, leading to the generation of smaller pores [52].

2.3 Monomer or Polymer Concentration

The initial concentration C, of the monomeric or the polymeric precursors is
another important parameter in cryogel preparation. Due to the effect of cryo-
concentration, cryogels can be prepared at much lower concentrations compared
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to the conventional gels [42]. For example, in the free-radical crosslinking copoly-
merization of AMPS and BAAm (17 mol % of the comonomer mixture) at Tprep
= —22 °C, crosslinked polymer starts to form at C, = 0.1 %, as compared to 5 %
when conducted at Ty, = 25 °C [63]. In the preparation of PIB cryogels in
benzene using S,Cl, crosslinker (6 % v/w with respect to PIB), critical PIB
concentration for gelation is 0.08 £ 0.02 % at —18 °C, compared to 4 % at Tpep
= 20 °C [52]. Therefore, cryogels can be prepared over a wider concentration range
compared to the conventional gels; however, since the cryogels formed at very low
C, are mechanically weak, the usual concentration range is between 2 and 20 %
(w/v). Because increasing C, or decreasing T, decreases the pore size of the
cryogels and simultaneously increases their mechanical strength, these synthesis
parameters can be used to tune the properties of cryogels.

2.4 Geometry of Cryogels

Cryogels can be prepared in various shapes such as blocks, sheets, discs, and beads
[64]. Cryogels as continuous-bed columns (monoliths) for chromatographic sepa-
ration of biomolecules have been prepared by filling the gelation solution in plastic
syringes with a closed outlet at the bottom and then immersing the syringes in a
cryostat at Tpep [29, 65-67]. To ensure the reproducibility of the freezing patterns,
reaction mixtures of the same volume, and syringes of the same dimensions, should
be used for every synthesis [68]. After completion of the cryogelation reaction, the
cryogel blocks are thawed at room temperature and then thoroughly washed with a
good solvent to remove unreacted species. Cryogels can also be prepared in the
form of membranes by injecting the reaction solution between two glass plates
separated by a spacer.

In contrast to blocks consisting of a single piece of macroporous material,
cryogels in the form of beads are suitable for packing in columns with different
scales. However, due to a number of preparation difficulties, there are only a few
publications on the preparation of cryogel beads. For instance, if the cryogelation
reactions are carried out under the conditions of the usual suspension polymeriza-
tion technique, odd-shaped gel particles with a broad size distribution are obtained,
due to collisions between the frozen droplets [69]. It was shown that cryogel
particles can be prepared inside the wall of a hollow plastic carrier to make them
resistant to intensive stirring [70]. Yun et al. utilized a microfluidic flow focusing
technique to generate a suspension of aqueous gelation solution in a water-
immiscible organic phase [71, 72]. After keeping the droplets at subzero tempera-
tures, PAAm-based cryogel beads of 1 mm in diameter were produced. Alginate-
agarose, PAAm, and DNA-based cryogel beads have been prepared recently by
dropwise addition of the aqueous reaction solution into the paraffin oil as the
continuous phase at temperatures between —15 and —20 °C [47, 64, 73]. The
diameter of the cryogel beads could be adjusted by changing the tip diameter of



Synthesis and Structure—Property Relationships of Cryogels 113

Fig. 2 Optical microscopy images of cryogel beads. (a) Ionic PAAc cryogel beads formed at
—18 °C. (From [73] with permission from Elsevier). (b) Frozen PIB solution droplets in liquid
nitrogen, and (c) crosslinked PIB beads just after preparation. S,Cl, = 20 % (v/w); PIB concen-
tration = 10 % (w/v). (From [69] with permission from Elsevier). Scale bars: 2 mm

the pipettes from which the aqueous phase was added into the oil phase. Figure 2a
shows images of ionic PAAm cryogel beads prepared at —18 °C [73].

Preparation of hydrophobic cryogel beads have also been reported recently
[69]. Cryogelation reactions were carried out within the droplets of frozen benzene
solutions containing PIB and sulfur monochloride as a crosslinker. Spherical
millimeter-sized PIB cryogel beads with a polydispersity of less than 10 % were
obtained by use of two techniques. First, the reaction solution is dropped into liquid
nitrogen to create small frozen organic droplets at —196 °C. Then, the frozen
droplets are transferred into ethanol at —18 °C as the continuous phase, and the
cryogelation reactions are carried out without stirring. Images in Fig. 2b show
frozen solution droplets in liquid nitrogen, and Fig. 2c shows PIB beads just after
preparation [69]. Freezing of PIB solution in liquid nitrogen results in the formation
of uniform frozen solution droplets with an opening in their shells. The spherical
shape and the morphology of the frozen droplets remain unchanged after the
crosslinking reactions as well as after swelling of the crosslinked particles in
toluene. The second technique involves dropwise addition of the organic solution
into a continuous phase at —18 °C without stirring [69]. Here, the density of the
continuous phase was so adjusted that the droplets slowly fall through the solution.
An ethylene glycol-ethanol mixture (1:4 by volume) having a density close to that
of the organic droplets was used as the continuous phase of the reaction. Similarly
to the first technique, the resultant PIB beads have openings on their surfaces.
Although the formation mechanism of a single large hole in the surface of the
particle is still unclear, polymer/solvent phase separation during freezing and
subsequent interfacial free energy minimization may be responsible for this
process [74].

2.5 Morphological and Mechanical Characterization

Study of the macroporous structure of gels is a challenging task since there is no
standard method for the pore-structure determination of such soft materials.
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Although techniques such as optical microscopy, environmental scanning electron
microscopy (ESEM), and confocal laser scanning microscopy (CLSM) can be used
for the morphological characterization of cryogels in their swollen states, they do
not lead to sufficient resolution to reveal the fine structure of cryogels. Due to the
compressibility of gels under high pressure, other techniques such as mercury
intrusion porosimetry and gas adsorption/desorption are not suitable for pore-
structure characterization and can only be applied to dry materials. SEM is a
suitable technique for characterizing the fine structure of cryogels; however, it
also requires drying of the gel samples, which might result in structural changes.
Nevertheless, it is assumed that freeze-drying and the sample preparation do not
result in alteration of the pore structures due to the formation of dense pore walls
during cryo-concentration. Therefore, SEM has been generally used to visualize the
morphology and calculate the average pore size of cryogels. Moreover, the flow-
through characteristics of cryogels in the form of blocks or beads can also be used to
estimate their pore sizes and morphologies. More details about other characteriza-
tion techniques used for cryogels can be found in recent reviews by Gun’ko and
Savina [75, 76].

The total volume of open pores V, of the cryogels can easily be estimated
through uptake of a poor solvent, such as acetone for PAAm or methanol for PIB
cryogels. Since a poor solvent for polymer can only enter into the pores of polymer
networks, V,, (milliliters of pores in 1 g of dry polymer network) can be calculated
as:

(mNS - mdry)

Vv
p
Mry dy

(1)

where mys and mg,y, are the weight of the cryogel in the poor solvent and its dry
weight, respectively, and d; is the solvent density. The total porosity P of dried
cryogels (milliliters of pores in 1 mL of dry polymer network) can be estimated
from their densities as:

do
p=1-2 2
4 (2)

where d, is the apparent density(i.e., density of the porous network) and d, is the
(nonporous) polymer density. The relative values of the equilibrium volume (g,)
and the equilibrium weight swelling capacities (g,,) of the cryogels also provide
information about their internal structure in the swollen state. These swelling ratios
are calculated as:

qy = (l)/[)dry)3 (33)
qy = (m/mary) (3b)
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where D and Dy, are the gel diameters in equilibrium swollen and dry states,
respectively, and m is the weight of equilibrium swollen gel. During the cryogel
swelling process, the pores inside the cryogel network are rapidly filled with the
solvent; at the same time, the network region making up the pore walls of the
cryogel takes up solvent from the environment by diffusion process. Therefore, the
swelling of cryogels is governed by two separate processes: (1) solvation (swelling)
of the pore walls and (2) filling of the pores by the solvent.

The equilibrium weight swelling ratio g, includes the amount of solvent taken
up by both of these processes. By contrast, if we assume isotropic swelling (i.e., the
volume of the pores remains constant upon swelling), the volume swelling ratio ¢,
of cryogels is caused by solvation of the pore walls, i.e., by the first process. Thus,
gy only includes the amount of solvent taken up by the gel portion of the cryogel
network. Accordingly, the higher the difference between g, and ¢, the higher is the
volume of the pores in swollen cryogels. The swollen state porosity P of the
cryogels can be estimated from their volume and the weight swelling ratios using
the equation [11]:

qdy
P, = 1— 4
T (g — Dda/ds @

Several techniques are available for the mechanical characterization of cryogels
in swollen and dried states. Uniaxial compression tests are conducted on cylindrical
cryogel samples to determine the Young’s modulus E or shear modulus G from the
slope of stress—strain curves at low compressions, while the stress at 3 or 5 %
compression is reported as the compressive sStress ocomp. For uniaxial compression
of a cylindrical gel sample, the statistical theories of rubber elasticity yield for
Gaussian chains an equation of the form [77, 78]:

c =G (A-17) (5a)

where o is the nominal stress and A is the corresponding deformation ratio
(deformed length/initial length). In contrast to a cylindrical cryogel sample, the
interpretation of the compression test data of a spherical cryogel particle is com-
plicated. This is due to significant variation in the contact area between the wall and
the originally spherical gel during deformation. For a sphere with a constant volume
during deformation, the Hertz equation can be used to estimate the modulus of
cryogel beads [79-84]:

4
F = §GD?‘5AD"5 (5b)

Here, F is the force and AD is the deformation, AD = D, — D,,where D, and D,
are the initial undeformed and deformed diameters of the sample, respectively.
According to (5b), a linear relation is expected if (3»/4)FD1’0'S is plotted against
AD'? with a slope equal to the modulus G of the beads. Indeed, linear plots were
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Fig. 3 Stress—strain curves of a fibroin cryogel in (a) swollen and (b) dry states are shown as the
dependence of the nominal stress ¢ on the degree of compression; Tyrep = —18 °C; Csp = 4.2 %;
EGDE = 20 mmol/g epoxide; TEMED = 0.07 %

obtained for both hydrophilic and hydrophobic cryogel beads [47, 69, 73]. It was
shown that the modulus (i.e., the effective crosslink density of the cryogel beads)
decreases with decreasing bead diameter [73]. This size-dependent crosslink den-
sity of the beads is attributed to the fact that the gelation reactions at the surface
layer of the droplets slow down due to the contact of this region with the continuous
phase. This will reduce the crosslink density of the surface layer of the resulting gel
beads. Since decreasing the size of the droplets increases the surface-to-volume
ratio of the final beads, the smaller the bead diameter, the smaller its average
crosslink density.

The large strain properties of some spongy cryogels can also be investigated by
uniaxial compression tests up to complete compression. Typical stress—strain
curves of cryogels in swollen and dry states are shown in Fig. 3a, b as the
dependence of nominal stress ¢ on percentage compression [50]. During compres-
sion of the swollen cryogel, the curve is quite linear up to a critical strain, indicating
that the pores filled with solvent remain mechanically stable. As the cryogel is
further squeezed under the piston, the pores gradually release solvent due to
buckling of the pore walls so that it can easily be compressed. Similarly, the
stress—strain curve of the dried cryogel is first linear, indicating that the
macroporous structure remains mechanically stable in this range of strain. This
linear elastic regime is followed by a near-plateau regime, indicating that the
network easily deforms due to the collapse of its pores under the pressure. The
critical stress corresponding to the plateau regime, denoted by o, in Fig. 3b, is a
measure of the mechanical stability of the porous structure of cryogels. Finally, the
steep increase of the curve in the third regime corresponds to the compression of the
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nearly nonporous polymer network. Although freeze-dried hydrogels are also
porous, no distinct plateau is observed in stress—strain curves [50], which is
attributed to the weak network structure due to the absence of cryo-concentration.

Squeezability of the cryogels and their reusability, as well as the continuous
extraction capacity for the removal of pollutants, are determined by subjecting the
cryogel samples to successive sorption—squeezing cycles under identical condi-
tions. In a typical procedure [54], the cryogel sample is first immersed in the test
solution for 1 min and then it is left to drip for 30 s. The cryogel is weighed and put
into a Biichner funnel and squeezed for 30 s under 50 mm vacuum. Then, it is
weighed again to calculate the amount of solution taken up by one gram of cryogel.
This sorption—squeezing cycle is repeated many times to obtain the recycling
efficiency and continuous extraction capacity of the cryogels.

3 Transition from Gelation to Cryogelation: Gels Versus
Cryogels

Since cryo-concentration is a characteristic phenomenon of cryogelation, it is
necessary first to discuss how increased monomer concentration at gelation affects
the properties of conventional gels. Several studies show that the gel structure and,
thus, the gel properties strongly depend on the initial monomer concentration [11,
13, 85-89]. No continuous network is formed below a critical concentration of
monomer. Increasing the amount of monomer at polymerization causes the polymer
chains to entangle so that the network formed in a semidilute solution can swell
poorly, even when exposed to a good solvent. This increase in the monomer
concentration also decreases the probability of cyclization reactions, so that a
large fraction of the crosslinker is consumed in effective crosslinks [85]. In accord
with the experiments, the statistical model proposed by Bromberg et al. predicts
that the effective crosslink density of gels scales with the second power of the
monomer concentration [89, 90]. As a consequence, the network structure formed
becomes increasingly tight as the monomer concentration increases.

Let us now consider what will happen to the monomer concentration when the
polymerization temperature is decreased below the freezing point of the reaction
system. During freezing, the monomers and the initiator are expelled from the
forming solvent crystals and become entrapped within channels between the crys-
tals. As a consequence, the polymerization reactions can only take place in spatially
restricted reaction fields, which are the unfrozen microchannels of the apparently
frozen system. The reason why solvent does not freeze below the bulk freezing
temperature is attributed to the freezing point depression of the solvent due to the
solutes, e.g., monomers and polymers [91-93]. For instance, about 6 % of the water
in swollen PAAm hydrogels remains unfrozen, even at —24 °C [26]. Kirsebom used
"H NMR to estimate the monomer concentration in the unfrozen microchannels
[28]. The reaction system studied was the crosslinking copolymerization of DMA
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Fig. 4 Formation process of a pore by cryogelation (a) and by freeze-drying (b). Red, green, and
gray circles represent monovinyl monomers, divinyl monomers, and polymer repeat units,
respectively

and poly(ethylene glycol) diacrylate in aqueous solutions. It was found that the
local concentration of the monomers in the unfrozen zones was 32.6 and 45.5 wt%
at Tpep = —10 and —20 °C, respectively, as compared to the initial (nominal)
monomer concentration of 6 wt% [28]. Thus, the actual concentration of the
monomer in the microchannels is about sixfold larger than its nominal concentra-
tion. As a consequence, the critical monomer concentration for the onset of gelation
is much lower in cryogelation compared to the conventional gelation systems. This
cryo-concentration effect is also responsible for the fact that a high polymer content
of the gel phase produces thick and dense pore walls in the resulting cryogels.
The transition from conventional gelation to the cryogelation regime requires
that the cryo-concentration of reaction constituents occurs before onset of the
gelation reactions. For instance, freeze-drying of an already formed gel does not
lead to materials with cryogel properties due to the formation of ice crystals in a gel
rather than in a solution. This is illustrated schematically in Fig. 4, which compares
the formation process of a pore by cryogelation and by freeze-drying. The pore wall
produced by cryogelation is a dense polymeric gel because of the cryo-concentrated
solution of the monomers around the ice crystals. In contrast, the pore wall formed
after freeze-drying of a conventional gel is a loosely crosslinked gel due to the
absence of cryo-concentration. As a consequence, the porous structures produced
during cryogelation are mechanically stable, even under large strain conditions.
Typical images of swollen and freeze-dried hydrogel and cryogel samples formed
from aqueous silk fibroin solutions are shown in Fig. 5 [50]. The gels were prepared
under identical conditions except that the gel preparation temperature, Tprep, Was
— 18°C for the cryogel and 50 °C for the hydrogel [50]. After freeze-drying, the
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CRYOGEL

swollen

Fig. 5 Images of the cryogel (fop row) and hydrogel samples (bottom row) formed at —18 and
50 °C, respectively, in swollen and dry states. Csg = 4.2 wt% EGDE = 20 mmol/g; TEMED =
0.10 %. Scale bars: 1 mm (SEM images on far right), 20 pm (inset). (From [50] with permission
from the American Chemical Society)

scaffold derived from the cryogel retains its original shape, whereas a lateral
distortion in the cylindrical shape of the hydrogel scaffold is observed. SEM images
of these samples (Fig. 5) also show that the cylindrical shape of the hydrogel
scaffold is partially destroyed due to the weak network structure. In contrast,
cryogel scaffold is mechanically stable and consists of regular, interconnected
pores of diameters from 5 to 10 pm that are separated by thick pore walls.

How does the local concentration of the monomer in the unfrozen reaction zones
vary depending on the cryogelation conditions? What is the volume fraction of
frozen solvent in the reaction system? A simple thermodynamic model was recently
developed to answer these questions [36]. The model considers a polymeric gel in
equilibrium with a solvent at a given temperature. As the temperature is decreased
below the freezing temperature of the solvent, solvent freezes out of the gel phase
so that a two-phase system forms that consists of pure solvent crystals and an
unfrozen gel. The equilibrium condition between these two phases at a given
temperature Ty, is such that the chemical potentials of solvent crystals (u;“")
and of liquid solvent in the gel (1;%") must be equal. x,*"in the gel phase is
Hi%" = §1° + RTpep In @y, where p,° is the chemical potential of pure liquid
solvent and a; is the activity of solvent in the gel. Equating 4, and ;' at Torep
and, since u;° — ;" equals the molar Gibbs free energy change for melting of
solvent crystals, one obtains:
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AH, (1 1
Ina = — (6)
R \T} Tpep

where AH,, and T,° are the molar enthalpy of fusion and the normal freezing point
of pure solvent, respectively, and R is the gas constant.” The Flory—Rehner theory
including the ideal Donnan equilibria gives the following relation between the
activity of a swelling agent (solvent) in the gel and the gel parameters [77]:

Ina; = In(1—1v3) + s + y15 + vV, {1/21/3 (1/2)2/3—0.51/2} —fuy (7)

where v, and 19 are the volume fractions of crosslinked polymer in the equilibrium
swollen gel and after gel preparation, respectively, y is the polymer—solvent
interaction parameter, v, is the effective crosslink density of the network, V; is
the molar volume of solvent, and f'is the effective charge density, i.e., the fraction of
charged units in the network chains that are effective in gel swelling. Since v, = yg
after cryogel preparation, substituting (7) into (6) yields [36]:

1 1

R 2
Torep Ty AH,, [ (1-25) + h+x(12)" + v.Viv, = f1, (8)

Using (8), one may estimate the polymer concentration 23 in the unfrozen gel
phase at a given temperature Tprep (Tprep < T%). To apply (8) to the cryogelation
systems, we assume that the monomers completely accumulate in the unfrozen
reaction phase before the onset of gelation. We also assume that, after cryogelation,
the conversion of monomer to crosslinked polymer is complete. Thus, the monomer

concentration C in the unfrozen zones (in % w/v) can be estimated from u‘z) as:

C = (1hd,)10? (9)

The volume fraction of frozen solvent in the reaction system, P, can also be
estimated as:

P =1- =2 (10)

where C, is the nominal monomer concentration. Since the frozen solvent acts as a
template in the cryogels, P also corresponds to their porosities (volume of pores/

2Assuming ideally dilute solutions, (6) leads to the well-known equation Ty, — 7? = — Kimo,
where Ky is the freezing-point-depression constant, and mi, is the solute molality. However, this
equation cannot be used for the cryogelation system due to the high concentration of solutes in the
unfrozen domains.
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Fig. 6 (a, ¢) Monomer concentration C in the unfrozen gel phase and (b, d) volume fraction of
frozen solvent in the cryogels P shown as a function of the temperature Tpep. (a, b) The solvent
was water. Calculations are for various y parameters indicated. P was calculated for C, = 5 and
20 %. (¢, d) y = 0.48; C, = 5 %. Calculations are for the various solvents indicated: v, = 20 mol/
m>; AH,,, (V;, T°) = 6.01 kJ/mol (18 mL/mol, 0 °C), 9.9 kJ/mol (89 mL/mol, 5.4 °C), and 14.4 kJ/
mol (71.03 mL/mol, 19 °C) for water, benzene, and DMSO, respectively. The arrows in b and
¢ illustrate the increase in monomer concentration in the unfrozen phase and the volume of frozen
solvent at T, = —18 °C

cryogel volume). According to (8), the nominal monomer concentration C, does not
influence the monomer concentration C in the unfrozen phase; however, decreasing
C,, i.e., increasing water content, increases the porosity of cryogels at a given
temperature Trep.

Calculations using (8) show that the temperature Ty, significantly affects the
monomer concentration in the unfrozen phase. Figure 6a, b shows how the mono-
mer concentration C in the unfrozen domains and the volume fraction of frozen
solvent in the resulting cryogel P vary with the temperature T,p,. Calculations were
for water as the solvent and for various polymer—solvent interaction parameters y
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indicated in the figure (y is assumed to be independent of temperature). Let us first
consider the solid curve in Fig. 6a, which was calculated for y = 0.48,
corresponding to polyacrylamide—water system [94]. At Ty, = —18 °C, as indi-
cated by the arrow, C is predicted to be 86 %. This means that, as the solvent
crystallizes at —18 °C, the monomer concentration in the unfrozen phase rises
continuously until attaining its equilibrium value of 86 %. For an initial monomer
concentration (C,) of 5 %, P becomes 0.94 (Fig. 6b), indicating that 94 % of the
reaction system consists of solvent crystals acting as template for pore formation.
Increasing the initial monomer concentration from 5 to 20 % decreases the volume
fraction of frozen solvent, i.e., porosity from 94 to 77 %. Figure 6a, b also shows
that the lower the Tyrep, the higher the monomer concentration in the reaction zones
and the larger the porosity.

Moreover, decreasing the y parameter at a given T, (i.e., increasing the
solvating power of the solvent) also decreases the monomer concentration in the
unfrozen zones and, thus, the total volume of the pores in the final cryogels. This is
attributed to the increasing amount of uncrystallizable solvent bound to polymer
chains as the quality of the diluent is increased. Figure 6¢, d presents the results of
calculations for three different solvents. As the temperature drops below the
freezing temperature of the pure solvent, which is 0, 5.4, and 19 °C for water,
benzene, and DMSO, respectively, the monomer concentration in the unfrozen
zones rapidly increases. Cryogels with 95 % porosities could be obtained at Tpyep
= —3, +3, and +17 °C using water, benzene, and DMSO as the polymerization
solvent, respectively. Thus, the cryogelation temperature can be adjusted by
selecting a suitable solvent. As will be seen in the following sections, the prediction
of simulation results is in qualitative agreement with the experimental findings.

The theoretical results in Fig. 6 also show that cryo-concentration and the
resulting transition from gelation to the cryogelation regime occurs at temperatures
close to the freezing point of the pure solvent. As a result, a drastic change in the gel
properties has to be expected at these temperatures. For instance, increased mono-
mer concentration due to cryo-concentration would lead to a significant increase in
the elastic modulus and a decrease in the swelling capacity of the gels.

This was indeed observed experimentally, but at lower temperatures. The results
of such measurements are shown in Fig. 7a—c for PAAm hydrogels, where the
elastic modulus G, the equilibrium weight g, volume swelling ratio ¢, of the gels,
and their dry and swollen state porosities, P and Pg, respectively, are plotted against
Tprep [26]. The gels were prepared by free-radical crosslinking copolymerization of
AAm with BAAm in aqueous solution at various Tpep between —25 °C and +25 °C
[26]. The dotted rectangular area in Fig. 7a—c indicates the transition between
homogeneous gelation and cryogelation regimes occurring between —6 and
—10 °C. Depending on T}, two types of gels can be obtained:

1. AtTp,ep > —6 °C: The gels exhibit a relatively low modulus of elasticity around
1.5 kPa. Both the weight ¢, and the volume swelling ratios g, of gels are equal to
~20, and they are independent of Ty,

2. At Tpep < —10 °C: Decreasing Ty, below —6 °C results in a fourfold increase

in the elastic modulus of gels. Moreover, the weight swelling ratio g, remains
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Fig. 7 (a) The elastic modulus G, (b) the equilibrium weight g, and volume swelling ratios g,
and (c) the swollen state porosity P and the dry state porosity P of PAAm gels shown as functions
of the cryogelation temperature Tpep. (d) SEM images of PAAm networks formed at the various
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almost unchanged as Tpep, is decreased below —6 °C while the volume swelling
ratio g, rapidly decreases. At Tp,.p, < —10 °C, the gels swell about sixfold more
by weight than by volume. According to (4), these results suggest the appearance

of pores in the gel matrices prepared at Ty, < —10 °C.

Indeed, the gels formed at Tpp > —6 °C were transparent, whereas those
formed below —6 °C were opaque and exhibited 85 % porosities [26]. The total
volume of pores, V,,, of the hydrogels estimated from the uptake of a poor solvent
(cyclohexane) was in the range of 3—-6 mL/g for the gels prepared below —6 °C,
whereas those formed at higher temperatures exhibited negligible pore volumes.
The SEM images in Fig. 7d illustrate the microstructure of the networks formed at
various Tpep. All the polymer samples formed below —6 °C have a porous structure
with pore diameters of 10—70 pm, whereas those formed at or above —6 °C exhibit a
continuous morphology. At —10 °C, the pore walls seem to be too weak, so that they
are more or less fused together to form large aggregates. Thus, the drastic change in
the network microstructure induced by lowering Ty, from —6 to —10 °C is
reflected by the swelling and elasticity tests, with decreasing volume swelling
ratio and increasing modulus of elasticity of gels.

Similar results were also reported for polyelectrolyte hydrogels prepared from
AMPS or sodium acrylate (SA) monomers with BAAm crosslinker in aqueous
solutions [36, 95]. At Ty, > —8 °C, ionic hydrogels derived from AMPS exhibit
relatively high volume swelling ratios V., of the order of 10" and low moduli of
elasticity G in the range of 10>-10° Pa [36]. Decrease of T, below —8 °C results in
a tenfold decrease in the swelling ratio and about tenfold increase in the elastic
modulus of gels. Moreover, the gels formed at or above —8 °C were transparent,
whereas those formed at lower temperatures were opaque, indicating that these gels
have separate domains in a spatial scale of submicrometer to micrometer
[36]. Thus, the transition from homogeneous gelation to the cryogelation regime
and the drastic change in the properties of poly(AMPS) (PAMPS) hydrogels appear
if Tprep is decreased below —8 °C. In poly(sodium acrylate) (PSA) cryogels, this
transition was observed atT,., between —6 and —9 °C [95].

Experiments were also carried out to investigate the transition to the
cryogelation regime in organic media. For this purpose, solution crosslinking of
PIB was carried out using sulfur monochloride as a crosslinker in cyclohexane
(freezing point = 6.5 °C) at various temperatures Tpp, between —22 and 20 °C
[53]. The organogels formed at T, > —2 °C were nonporous, whereas those
formed at lower temperature were porous and exhibited typical cryogel morphol-
ogies with a total volume of pores of about 2.5 mL/g [53]. Thus, the transition to the
cryogelation regime occurs at around —1 °C, i.e., about 8 °C below the freezing
point of cyclohexane.

Figure 8 compares the response rate of PIB gels formed at temperatures both
below and above the transition temperature [53]. Here, the normalized gel mass m1,,

Fig. 7 (continued) Tyep indicated. C, = 5 % (w/v), X =1/80. Scale bars: 100 pm. Magnification
100x. (Reprinted from [26] with permission from Elsevier)
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Fig. 8 The normalized mass m, of PIB gels shown as a function of the time of deswelling in
methanol and re-swelling in toluene. S,Cl,= 5.7 %; reaction time = 3 days. Tprep = —2 ( filled
triangle), —10 ( filled circle), —18 ( filled square), and 17 °C (open circle). (Reprinted from [53]
with permission from Elsevier)

(mass of gel at time #/equilibrium swollen mass in toluene) is plotted against the
time ¢ of deswelling in methanol and re-swelling in toluene. Both the swelling and
deswelling rates of the gel prepared at subzero temperatures are much faster than
those prepared at 17 °C; the low-temperature gels undergo two successive
deswelling—swelling cycles before the room-temperature gel assumes its equilib-
rium collapsed conformation in methanol. They also exhibit reversible swelling—
deswelling cycles, i.e., the gels return to their original shape and original mass after
a short reswelling period. The collapsed gel formed at 17 °C reswells again within
3 days, compared to 10 min for gels formed at subzero temperatures. Similar results
were reported for several cryogels formed below the transition temperature [26, 36,
63, 96]. For example, strong polyelectrolyte PAMPS cryogels prepared below —
8 °C exhibit completely reversible swelling and deswelling cycles in water and
acetone, respectively [36]. Those formed at higher temperatures were too soft in
their swollen states in water; during the first deswelling process in acetone, they
were broken into several pieces so that a cycle could not be completed. We have to
note that cryogels starting from their dry states swell much faster than their
collapsed states in equilibrium with a poor solvent. For example, PAAm cryogel,
when collapsed in acetone, swells within 1 min to attain its equilibrium swollen
state in water, whereas swelling takes only 4 s starting from its dry state [26]. The
relatively slower rate of swelling of collapsed cryogels compared to dry gels is
related to the nonsolvent molecules on the surface of the collapsed gel samples,
which decrease the solvating power of the liquid around the gel sample and slow
down the swelling process.

The mechanical properties of gels also change significantly below the transition
temperature due to the cryo-concentration phenomenon. This is illustrated in
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Fig. 9 Photographs of (a) fibroin hydrogels and (b) cryogels formed at T, =50 and —18 °C,
respectively, during the compression tests. Csg = 4.2 %; EGDE = 20 mmol/g; TEMED = 0.10 %.
Arrows indicate the direction of piston movement. (¢) Stress—strain curves of these gel samples are
shown as the dependence of the nominal stress ¢ on the degree of compression. (From [50] with
permission from the American Chemical Society)

Fig. 9a, b, which shows images of fibroin gels formed above and below the
transition temperature, respectively [50]. The fibroin hydrogel formed at 50 °C
ruptures under low deformation, indicating that the mechanical stress applied is
localized without effective dissipation. However, fibroin cryogel formed at —18 °C
remains mechanically stable up to almost complete compression. An important
point is that, as the cryogel is squeezed under the piston or via manual hand
compression, the gel releases all its water from within the pores so that it can be
compressed up to 99.8 % compression ratio. Although no energy dissipation
mechanism was introduced in the cryogels, release of water from the pores under
stress seems to prevent crack formation at large deformation ratios. After release of
the load, the gel sample immediately recovers its original shape by absorbing the
released water. Figure 9c shows the stress—strain curves of these gel samples under
compression. The hydrogel ruptures at about 10 % compression and at a compres-
sive nominal stress of 15 kPa, whereas the cryogel sustains 99.8 % compression at
640 kPa stress. Successive compression tests conducted on the same gel sample
between 0 and 99.8 % strain show reversibility of the stress—strain curves of the
cryogels and reveal that no cracking occurs during the experiments [50]. The
improved mechanical properties of cryogels originate from the high polymer
content of the unfrozen liquid channels of the reaction system. Thus, after
cryogelation, the gel channels with high polymer content are perfect materials for
building the pore walls.

The experimental results thus indicate that the formation of cryogels requires a
temperature T, Of at least 8 °C below the bulk freezing temperature of solvent. In
contrast, however, the theoretical results given in Fig. 6 predict that this transition
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Fig. 10 (a, b) Different magnification images of swollen PAMPS gel samples taken using the
optical microscope. The gels were prepared without (N-gel) and with precooling of the reaction
solution (I-gel). Tprep = —2 °C, X = 1/6. The initial diameters of the gel samples were 4.3 mm. In
their swollen states, the diameters became 9.80 mm (N-gel) and 4.65 mm (I-gel). Scale bars: 1 mm
(a) and 100 pm (b). (From [23] with permission from Taylor & Francis Group, LLC)

should occur at temperatures close to the solvent freezing temperature. This dis-
crepancy may partially be attributed to the nonequilibrium effects during freezing
[91]. The concentrated unfrozen polymer solutions at low temperatures have high
viscosities that may slow down the equilibration of solvent and the growth of
solvent crystals to an extent that stops freezing. Moreover, the initial
non-isothermal reaction period may also be responsible for the observed deviation
from theory. We have to mention that T, is the temperature of the thermostated
bath in which the gelation reactions are carried out. Since the polymerization
initiator (or crosslinker) should be added into the monomer (or polymer) solution
before freezing of the reaction system, the polymerization and crosslinking reac-
tions proceed non-isothermally from the moment of initiator addition to the
moment when the temperature of the reaction system reaches Tj,. Therefore,
the time needed for bulk freezing of the reaction system strongly depends on
Tprep- For example, aqueous reaction mixtures containing AMPS and BAAm at
Tprep = —22 °C became frozen within 4-5 min, whereas those at —5 °C required
more than 1 h for freezing [36]. Compared to these freezing times, the gelation time
recorded using the falling-ball technique was 5 min at 0 °C [36]. Thus, gelation and
gel growth reactions at Tp,., = —5 °C mainly proceed before the onset of bulk
freezing of the system, whereas the reactions at —22 °C occur in the unfrozen
microzones. Therefore, variation in the cooling rate depending on T, may also be
responsible for the appearance of porous structures at temperatures much below the
bulk freezing point of the reaction system. This also suggests that isothermal
gelation could provide formation of cryogels at a temperature close to the freezing
point of the solvent.

To check this point, experiments were designed to control the freezing of the
reaction solutions [23]. Figure 10a shows the images of two equilibrium swollen
PAMPS gel samples prepared at Tpep = —2 °C. Both the gel samples were
prepared under identical conditions except for the initial temperature of the gelation
system. In the case of the isothermal gel (I-gel), after addition of the initiator into
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Fig. 11 The equilibrium volume swelling ratio V . (left) and the elastic modulus G of equilibrium
swollen PAMPS hydrogels (right) shown as a function of Tyep. Filled and open symbols represent
data obtained from I- and N-gels, respectively. X = 1/6. The dotted lines represent the transition
temperature. (From [23] with permission of Taylor & Francis Group, LLC)

the reaction solution, the system was immediately cooled down to —196 °C using
liquid nitrogen and, then, the system was immersed into a thermostat at Tpep =
—2 °C. The reactions before reaching —2 °C were very slow such that a near
isothermal condition was provided. No such precooling step was applied for the
preparation of the usual gel sample (N-gel). Although the initial diameters of both
gel samples after their preparation were the same (4.3 mm), the swollen volume of
N-gel was about tenfold larger than the volume of I-gel. Further, the N-gel was
transparent while the I-gel was opaque, both after preparation and after equilibrium
swelling in water. The magnified images of the equilibrium swollen gel samples
taken with an optical microscope also illustrate the structural differences between
the two gel samples (Fig. 10b). Whereas the N-gel was homogeneous in the swollen
state, the I-gel exhibited a discontinuous morphology consisting of solvent and gel
domains. This means that N- and I-gels prepared at the same T}, are formed in
homogeneous gelation and cryogelation regimes, respectively.

In Fig. 11, the equilibrium volume swelling ratio V., and the modulus of
elasticity G of swollen PAMPS gels are shown as a function of T}, [23]. Filled
and open symbols represent data points obtained from I- and N-gels, respectively. It
is seen that, providing isothermal gelation conditions, the transition temperature
shifts from —8 °C to a temperature close to the solvent freezing point (—1 £ 1 °C),
as predicted by the simulation results (Fig. 6). Another point shown in Fig. 11 is that
the elastic modulus of I-gels prepared below —10 °C is much lower than that of
N-gels. This is an indication of the reduced rate of the crosslinking reactions during
the formation of I-gels. Thus, the network build-up process seems to take place
mainly during the non-isothermal period between 0 °C and T, so that the I-gels
prepared with precooling exhibit a lower modulus of elasticity than the N-gels.
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4 Effect of Synthesis Parameters

The properties of cryogels depend on many parameters, including the cryogelation
conditions and the composition of the reaction constituents. As the challenge is to
control the porous structure and, thus, the cryogel properties, this section focuses on
the effect of the synthesis parameters on the morphology of cryogels, with exam-
ples selected from the literature.

4.1 Temperature and Freezing Rate

It is known that the size of ice crystals can be controlled by varying the freezing
temperature and the freezing rate. For example, to produce large ice crystals, the
freezing temperature should be as high as possible and the time for crystallization
should be extended. To produce small crystals, freezing should be at a very low
temperature and the freezing rate should be high in order to reduce the time
available for ice crystals to grow. Because solvent crystals in the cryogelation
systems act as templates for the formation of pores, the same relationship usually
exists between the pore size of cryogels and the gelation temperature Tprep [25, 39,
68]. Because the lower the Ty, the faster the cooling rate of the gelation solution
and, thus, the shorter the time period until the freezing temperature of the reaction
solution is reached, the T, and the rate of cooling(or combination of both) do
affect the properties of cryogels.

Ivanov et al. investigated the temperature-dependent variation of pore diameter
in PAAm cryogels [43]. Cryogels were prepared by crosslinking of linear PAAm
chains in aqueous solutions using glutaraldehyde as a crosslinker. It was shown that
the pore diameter decreases from 30—-60 pm to 10-20 pm as Tp is decreased from
—5to —20 °C [43]. In PAAm cryogels prepared from AAm and BAAm monomers,
the largest pore size was obtained at T, = —18 °C and decreased as Tpep Was
further reduced down to —24 °C (Fig. 7d) [26]. The average pore diameters were
60, 32, and 22 pm for Ty, = —18, —20, and —22 °C, respectively. Similar results
were also reported for cryogels derived from aqueous solutions of fibroin chains or
DMA monomer (Fig. 12) [28, 50]. In PSA cryogels, the pore diameter decreases
from 25 to 11 pm as T is decreased from —9 to —20 °C [95]. Since lower Tprep
means faster freezing of the reaction solution, decreasing pore size with decreasing
Tprep 18 consistent with the fact that a larger number of small solvent crystals form as
the freezing rate is increased. Additionally, since solvent in large voids is prefer-
entially frozen relative to that in small capillaries due to a smaller freezing-point
depression, it is thought that, at T, close to the solvent freezing point, only
solvent in large voids freezes during gelation, leading to large pores. We have to
note that there are also conflicting data regarding the temperature dependence of
pore size, especially at very low temperatures. This is attributed to the weakness of
the cryogel matrices formed at low Ty, Which leads to collapse of the porous
structure upon drying.
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Fig. 12 SEM images of fibroin cryogel networks formed at the various temperatures (Tprep)
indicated. Scale bars: 100 pm. (From [50] with permission from the American Chemical Society)

The formation of polyhedral pores in hydrophilic cryogels may be explained as
follows [97, 98]: Water molecules in crosslinked hydrophilic polymers are known
to exist in three states: (1) free water in the middle of the mesh of the network,
(2) bound water adjacent to the network chains, and (3) film water adsorbed on the
bound water layer. Freezing of free water and the growth of ice crystals thus formed
may lead to deformation of the polymer network by stretching the hydrated network
chains around the ice crystals. Although the polymer elasticity allows easy defor-
mation of the network chains, the high viscosity of the system may slow down
growth of the crystals. As a consequence, one may expect formation of ice crystals
in the mesh of polymer network separated by swollen polymer chains. Moreover,
the total surface energy of ice crystals is minimized by the crystals coming together,
forming four ice crystals in contact, with angles of 120° where the forces of
interfacial tension balance.

Experiments were also designed to study the effects of freezing rate on the
morphology of the cryogels. For this purpose, one part of the reaction solution was
slowly frozen in a freezer in contact with air, while the other part was fast frozen in
a cryostat in contact with a liquid. The initial cooling rate decreased from 54 to
4 °C/min as the cooling liquid was replaced with cooling air at —18 °C [53].
Figure 13 shows SEM images of the PIB gel network prepared in cyclohexane at
Tprep = —10 °C under fast and slow freezing conditions [53]. It is seen that the size
of the pores increases as the freezing rate decreases. Increasing the freezing rate of
the reaction solution necessarily reduces the time available for solvent crystals to
grow, which would inhibit the formation of large crystals. Thus, small solvent
crystals form under fast freezing conditions, which leads to small pores after
thawing. Further, increasing the freezing rate shortens the duration of the initial
non-isothermal period of the reactions so that the crosslinking mainly occurs in the
unfrozen microzones of the apparently frozen reaction system. This may also
decrease the size of the pores.

A similar effect of the freezing rate of the gelation solution can be observed by
changing the initiator concentration. During the preparation of PSA cryogels in
aqueous solutions and using a APS/TEMED redox initiator system, increasing the
APS concentration from 1.75 to 3.5 mm decreased the average pore size of the
cryogels [95]. This is due to the faster rate of polymerization, which leads to smaller
ice crystals. However, further increase in APS concentration decreases the porosity
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Fig. 13 SEM of PIB networks formed at T, = —10 °C under (a) fast and (b) slow freezing
conditions. Reaction time = 3 days; S,Cl, = 5.7 %. Scale bars: 100 pm. Magnification 50x.
(Reprinted from [53] with permission from Elsevier)

of the cryogels due to the very fast polymerization that occurs before the freezing of
the reaction solution. A similar effect of the initiator was also observed in the
preparation of PAAm cryogels [25].

The preparation of aligned porous materials with micrometer-sized pores is of
particular importance for applications such as tissue engineering, microfluidics, and
organic electronics [99, 100]. It was shown that cryogels with an aligned pore
structure could be prepared at low freezing rates (i.e., at temperatures close to the
transition temperature to the cryogelation regime) or at low polymerization rates
(i.e., at a low monomer concentration) [53, 101]. Another requirement is that the
solvent used in the reactions should be a solvating diluent for the polymer so that no
phase separation takes place during cooling of the gelation solution. For example,
during the solution crosslinking of 5 % PIB in cyclohexane, cryogels start to form at
or above —2 °C [53]. Moreover, the cyclohexane—PIB system did not show
significant temperature effect and, thus, any liquid-liquid phase separation could
be prevented during the cryogelation reactions of PIB. SEM images of dried
cryogels formed at temperatures T, close to this upper temperature limit showed
an oriented porous structure of the materials [53]. The micrographs in Fig. 14a,b
show the alignment of the pores in the gel network formed at Tp,rep, = —2 °C. The
structure consists of brick-shaped pores of about 100 pm in length and 50 pm in
width, separated by pore walls of 10-20 pm in thickness. The aligned porous
structure of the sample indicates directional freezing of the solvent crystals in the
direction from the surface to the interior, i.e., in the direction of the temperature
gradient. Note that experiments carried out by decreasing the reactor diameter from
16.4 to 3.7 mm partially destroyed the regularity of the pore structure, probably due
to the increasing rate of freezing of the reaction solution. Decreasing the temper-
ature or increasing the cooling rate also destroyed the regularity of the porous
structure of the network. The pores of 10—100 pm in size formed at —2 °C became
increasingly irregular as T, decreased [53].
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Fig. 14 (a, b) SEM of PIB network formed in cyclohexane at T, = —2 °C. Reaction time =
24 h; S,Cl, = 5.7 %.(c) Scheme showing the directional freezing of PIB solution from the surface
to the interior at low cooling rates, i.e., at high Tyep. Scale bars: 1 mm (a), 100 um (b). (Reprinted
from [53] with permission from Elsevier)

Because of the poor thermal conductivity of the reaction solution, a temperature
gradient is formed in the radial direction and freezing of the solvent cyclohexane
starts from the surface of the cylindrical reactor, which is in contact with the cooling
liquid at —2 °C. As the solvent freezes, both the PIB chains and the crosslinker
S,Cl, are excluded from the solvent crystals due to cryo-concentration and aggre-
gate around the growing crystals to form an unfrozen part of the system. This is
illustrated schematically in Fig. 14c. As the freezing progresses, a polymer con-
centration gradient, as well as a temperature gradient, is established across the
moving freezing front. This leads to macroscopic instabilities, due to which the
moving freezing front collapses, leaving behind pockets of unfrozen concentrated
polymer solution [99, 100]. Further, due to the relatively high T, the freezing
rate is slow so that the growing solvent crystals can be encapsulated in the
concentrated solution and cannot grow further. Thus, directional freezing under a
temperature gradient causes crystallization of many isolated solvent crystal phases,
leaving an unfrozen gel phase with high polymer content. After the crosslinking
reactions, the polymer phase becomes insoluble and, after thawing, preserves the
structure that had been conferred to it by the surrounding solvent crystals.
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Fig. 15 SEM images of cryogel networks formed at the various fibroin concentrations indicated.
Scale bars: 10 pm. (From [50] with permission from the American Chemical Society)

4.2 Monomer or Polymer Concentration

It was observed that the architecture or morphology of the cryogel network essen-
tially does not depend on monomer concentration, whereas the size of the structure
responds sensitively. In PAAm cryogels, the average pore diameter was found to
decrease from 55 to 10 pm with increasing monomer concentration from 3 to 30 %
[26]. At the same time, the average thickness of the pore walls increased from 3 to
15 pm. In PAAm cryogels with functional epoxy groups, Plieva et al. also reported
decreasing pore size but increasing thickness of pore walls with increasing mono-
mer concentration from 6 to 22 % at Ty, = —12 °C [24]. Kirsebom et al. also
showed that larger pores and thinner pore walls in poly(DMA) (PDMA) cryogels
can be produced from 3 wt% monomer concentration as compared to 12 wt%
[28]. In contrast, however, an increasing pore size with increasing concentration
was reported for PAMPS hydrogels obtained at T, = —22 °C[63]. This finding is
attributed to collapse of the large pores in such polyelectrolyte gels formed at low
monomer concentrations. In cryogelation reactions starting from polymer precur-
sors, increasing the polymer concentration also leads to cryogels with thicker pore
walls but a smaller pore size. For instance, at T, = —18 °C, the pore diameter of
fibroin cryogels decreased from 33 + 10 to 10 &+ 3 pum as the fibroin concentration
increased from 4.2 to 12.6 % (Fig. 15) [50]. Thus, the higher the monomer
(or polymer) concentration, the smaller the pore diameters and the thicker the
pore walls [39]. The inverse relation between the precursor concentration and the
pore size is related to the higher amount of unfrozen microdomains during gelation
as the amount of solute is increased.

4.3 Charge Density

The pore diameters of nonionic PAAm and ionic PAMPS cryogels formed under
identical conditions at —22 °C were reported as 100-150 and 30-50 pm, respec-
tively [36]. Thus, the pore size decreases with increasing charge density of the
network chains. Calculation results using (8) also predict that an increase in the
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charge density f of the network chains would decrease the volume fraction of ice in
the reaction system so that the pores in the final gels would be smaller [36].

4.4 Crosslinker Concentration

In PAAm and PSA cryogels formed using BAAm crosslinker, no appreciable
change in the size of the pores was reported with changes in the crosslinker level
[26, 95]. However, in fibroin cryogels formed at T, = —18 °C and in the
presence of EGDE as a crosslinker, the average pore diameter decreased from
55 £ 10 to 23 = 7 pm and the pore-size distribution became narrower as the
amount of EGDE increased from 10 to 30 mmol/g [50]. Similar results were
reported for rubber cryogels formed using S,Cl, crosslinker. As S,Cl, concentra-
tion is increased, both the polydispersity and the average diameter of the pores
decrease [52]. This could be due to the increased rigidity of the gel in the unfrozen
domains as the amount of crosslinker is increased.

4.5 Additives and Solvent

The presence of low molecular weight salts significantly affects the microstructure
of the cryogels formed in aqueous solutions. For instance, addition of NaCl or
CaCl, in aqueous cryogelation solutions results in materials with thicker pore walls
and smaller pores [102]. As the NaCl content in the reaction mixture is increased
from O to 10 % (w/w), the pore size of PAMPS cryogels decreases from 30-50 to
1020 pm [36]. This is due to the fact that the addition of salts into the reaction
system decreases the bulk freezing temperature so that the volume of the nonfrozen
solution increases. This leads to the formation of gels with smaller pores. Indeed, as
the NaCl content in the reaction mixture is increased from O to 10 %(w/v), the bulk
freezing times of AMPS-BAAm reaction mixtures at Ty, = —22 °C increased
from 5 to 35 min, whereas their gelation times at 0 °C remained constant (5 £ 1
min) [36]. Moreover, addition of a polymerization inhibitor such as hydroquinone
into the reaction solution produces more monodisperse and smaller pores in PAAm
cryogels [23]. Hydroquinone provides homogeneous nucleation of ice crystals due
to the shift of the gel point beyond freezing of the reaction solution, so that the
number of crystals increases while their size decreases, leading to the formation of
small pores in PAAm cryogels.

The addition of micro- or nanoparticles in the cryogelation system produces
hybrid cryogels with increased modulus of elasticity [56, 103—106]. For instance,
such cryogels were prepared by the addition of tetramethoxysilane in aqueous
solutions of PVA before its freeze—thaw treatment [104]. They can also be prepared
by crosslinking of PIB in cyclohexane containing silica nanoparticles and using
S,Cl, as a crosslinking agent [56]. The microstructure of the hybrid PIB cryogels
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consists of two types of pores: 10" um large pores due to the cyclohexane crystals
acting as a template during gelation and 10~'=10° pm small pores between the
aggregates of the nanoparticles. The nanoparticles in hybrid cryogels accumulate
within the large pores where cyclohexane crystals originally resided. The cryogels
exhibit a 300-fold larger modulus of elasticity than those prepared in the absence of
nanoparticles [56]. It was shown that these hybrid cryogels can be converted into
organic cryogels by dissolving the silica component in aqueous hydrofluoric acid,
whereas removing the polymer component by calcination results in porous silica
networks with 10~ '-pm-sized pores [56].

The internal morphology of cryogels is also dependent on the type of solvent
used in cryogelation reactions. This effect arises due to the different shape of
solvent crystals as well as due to the temperature-dependent variations of the
interactions between the polymer and solvent. For instance, PAAm cryogels pre-
pared in formamide at —20 °C have an oriented porous structure with long pores as
a result of the formation of needle-like formamide crystals [25]. Moreover, in
contrast to the interconnected 3D pore structure of PNIPA cryogels formed in
water, those formed in dioxane/water medium have a closed pore structure with
thick (1040 um) pore walls [33]. The effect of polymer—solvent interactions on the
morphology of cryogels can be illustrated using PIB cryogels formed in cyclohex-
ane and in benzene under identical conditions. Besides their molecular sizes,
benzene and cyclohexane have similar freezing and melting properties; they both
form high temperature orientationally disordered crystals and their melting tem-
peratures in the bulk are close (5.5 versus 6.5 °C for benzene and cyclohexane,
respectively) [107]. However, since the chemical structure of cyclohexane is close
to that of the repeating unit of polyisobutylene, it is a good solvent for PIB. In
contrast to cyclohexane, benzene is a poor solvent for PIB and becomes poorer as
the temperature decreases [53]. SEM images of PIB networks formed in benzene
and in cyclohexane show different morphologies. In contrast to the regular mor-
phology of the cryogels prepared in cyclohexane, those formed in benzene exhibit a
broad size distribution of pores from micrometer to millimeter sizes [52]. Further,
the total volume of pores V}, in PIB gels formed in benzene was found to increase
from 6 to 9 mL/g as Ty.p is decreased from —2 to —18 °C, in contrast to the value of
about 2.5 mL/g for all low-temperature gels formed in cyclohexane [52, 53]. The
differences observed in the morphology of the gels are due to the cooling-induced
phase separation of the PIB chains in benzene [52]. Thus, the gel cannot absorb all
the available solvent during gelation so that a macrophase separation should occur
during the initial non-isothermal period of the reactions.

If the cryogelation reactions are conducted in a good solvent/poor solvent
mixture, the mechanism of pore structure formation by cryogelation can be com-
bined with the reaction-induced phase separation. For instance, PAAm cryogels
formed at —12 °C in acetone—water mixtures exhibit two types of pores [102]. The
10-80 pm large pores are due to the ice crystals acting as a template during gelation
while the submicrometer-sized pores in the pore walls are due to the y-induced
phase separation in the unfrozen phase enriched with acetone (a poor solvent for
PAAm) and the monomers [102]. Another interesting example is PAAm cryogels
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prepared at —18 °C in aqueous DMSO solutions of various compositions
[59]. DMSO-water mixtures exhibit a marked freezing point depression and the
reaction system will freeze at —18 °C if the DMSO content is less than about 30 %
(v/v). Indeed, the hydrogels formed in the solvent mixture with less than 30 %
DMSO by volume have irregular large pores of about 10" pm in diameter, typical
for macroporous networks created by the cryogelation technique. Nonporous
hydrogels were obtained in solutions containing 25 % DMSO, while at larger
DMSO contents the structure of the hydrogel networks consists of aggregates of
microspheres that look like cauliflowers, as typical for a macroporous network
formed by a reaction-induced phase separation mechanism [59]. The results were
interpreted as a transition from cryogelation to phase separation copolymerization
due to the marked freezing point depression of the solvent mixture, as well as due to
the action of the mixed solvent as a poor solvating diluent at —18 °C [59].

5 Novel Cryogels and Their Applications

In this section, some novel cryogel materials based on DNA, silk fibroin, poly
(acrylic acid), and several types of rubber are presented, and their applications in
various fields are summarized.

5.1 DNA Cryogels for Removal of Carcinogenic Agents

Deoxyribonucleic acid (DNA) serves as the carrier of genetic information in living
organisms and is composed of building blocks called nucleotides, which consist of
deoxyribose sugar, a phosphate group, and four bases (adenine, thymine, guanine,
and cytosine). DNA has a double-helical (ds) conformation in its native state, which
is stabilized by hydrogen bonds between the bases attached to the two strands
[108]. When a DNA solution is subjected to high temperatures, the hydrogen bonds
holding the two strands together break and the double helix dissociates into two
single strands (ss) having a random coil conformation [109]. Due to its unique
ds-structure, DNA has highly specific functions, such as intercalation, groove-
binding interactions, and electrostatic interactions. These functions are specific
for DNA molecules and are difficult to reproduce in synthetic polymers. Although
films and fibers can be prepared from DNA, such materials are water soluble,
biochemically unstable, and mechanically weak.

A DNA hydrogel is a network of chemically crosslinked DNA strands swollen in
aqueous solutions [110-112]. Such soft materials are good candidates for making
use of characteristics of DNA such as coil-globule transition, biocompatibility,
selective binding, and molecular recognition [113, 114]. DNA hydrogels can be
prepared by crosslinking of DNA in aqueous solutions at 50 °C using diepoxides
such as EGDE or BDDE as chemical crosslinking agents [112, 115]. The reaction
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between epoxides and DNA is of nucleophilic substitution type (Sny2 reaction) and
occurs at the nucleophilic sites in DNA, mainly at the N7 position of guanine. DNA
hydrogels are responsive systems that exhibit drastic volume changes in response to
external stimuli, such as acetone [115], poly(ethylene glycol) [112], inorganic salts
[116, 117], polyamines [117], cationic macromolecules [118], or surfactants
[117]. Responsive DNA hydrogels with a wide range of tunable properties, such
as the conformation of the network strands, viscoelasticity, and nonlinear elasticity
(strain hardening), have been prepared in the past few years [111, 112, 119].

Recently, DNA cryogels with excellent mechanical properties have been
obtained by conducting gelation reactions at subzero temperatures [47, 48]. DNA
cryogels were prepared at Ty, = —18 °C from frozen aqueous solutions of
ds-DNA (about 2,000 base pairs long) containing BDDE crosslinker and TEMED
catalyst. Infrared (IR) and fluorescence measurements show the predominantly
ds-DNA conformation of the network chains of DNA cryogels. An almost complete
conversion of soluble to crosslinked DNA required 3 % DNA and 0.39 % BDDE,
corresponding to the presence of an equimolar ratio of epoxy to DNA base pair in
the gelation solutions [48]. DNA cryogels exhibited weight swelling ratios (q.)
between 40 and 130, indicating that they are in a highly swollen state with 98-99 %
water in the cryogel structure. However, their volume swelling ratios g, are about
one order of magnitude smaller than their weight swelling ratios ¢.. The total
porosity P of the cryogels estimated from their ¢, and ¢, values using (4) is 93—
99 % for all the cryogels. The total volume of the pores V}, in the cryogels, estimated
from the uptake of methanol, is between 3 and 20 mL/g, indicating that the total
pore volume of the cryogel samples is much larger than the bulk gel volume. This
suggests that most of the water in swollen cryogels is within the pores, while the
crosslinked DNA forming the pore walls is less swollen. Mechanical tests show that
the cryogels formed at 5 % DNA are very tough and can be compressed up to about
80 % strain without any crack development [48]. They also exhibit completely
reversible swelling—deswelling cycles in response to solvent changes.

Carcinogenic agents having planar aromatic groups can intercalate into DNA
double helices, which means that DNA can be used to prepare selective and
efficient adsorbents of such specific toxic agents. It was shown that DNA cryogels
can be used for the removal of such toxic agents from aqueous solutions
[47, 48]. This is exampled by use of the classical intercalator ethidium bromide
(EtBr), which is a four-ringed aromatic molecule with three of the rings conjugated.
The nature of the interaction of EtBr with DNA has been examined by a variety of
techniques over the past 50 years [120-123]. It is generally recognized that the
strong mode of binding of EtBr to ds-DNA results in the intercalation of the planar
phenanthridium ring between adjacent base pairs on the double helix. The interca-
lation of EtBr both increases the distance between base pairs by 0.3 nm and
unwinds the double helix by 26°, which causes an increase in length of the DNA
[124, 125]. Moreover, at high concentrations, EtBr also interacts with DNA by
electrostatic interactions.

Figure 16a shows the EtBr concentration in the external solution (Ct, ;) plotted
against the contact time ¢ with DNA cryogels [48]. For comparison, the behavior of
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Fig. 16 (a) EtBr concentration (Cy,) in the external solution plotted against the contact time ¢ with
the cryogel and hydrogel of DNA. (b) Images of the external EtBr solution at various times during
the first absorption cycle using DNA cryogel. (c) Images of DNA cryogel after the first and seventh
absorption cycles. (From [48] with permission from Elsevier)

DNA hydrogels prepared by usual gelation process is also shown. The initial EtBr
concentration in the solution is 0.2 mM. During the first 24 h, C¢, ( decreases with
almost the same rate, and both gel samples bind 0.10-0.15 mol EtBr per mole of
nucleotide. At longer times, the hydrogel sample starts to disintegrate, as can be
seen in Fig. 16 from the increase in EtBr concentration. After about 3 days, DNA
hydrogel completely dissolved in EtBr solution (see below for explanation). In
contrast, the DNA cryogel remained stable over the whole time period while
continuously absorbing EtBr, during which time the color of the solution changed
from red to clear (Fig. 16b). This highlights the stability of DNA strands in the
cryogels and, thus, demonstrates that DNA cryogels are effective sorbents as
compared to DNA hydrogels. The cryogel samples subjected to nine successive
sorption cycles in 0.2 mM EtBr solutions also remained stable in aqueous solutions.
As can be seen in Fig. 16c, the color of the cryogel changes from clear to red during
the first cycle and becomes dark red after seven cycles, revealing an increasing
amount of bound EtBr in the cryogel.
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Fig. 17 (a) EtBr concentration (Cy, ) plotted against the contact time ¢ for DNA cryogels. The
results of seven successive sorption cycles are shown. (b) EtBr bound per nucleotide r plotted
against the cumulative contact time ¢ of nine successive cycles. (¢) Relative gel mass my ( filled
symbols) and volume V.| (open symbols) of DNA cryogels shown as a function of r. (From [48]
with permission from Elsevier)

The results of seven successive sorption cycles are shown in Fig. 17a, where Cy,
is plotted against the contact time with the DNA cryogel. During the first two
cycles, EtBr concentration decreases from 0.2 mM to about 0.02 mM, i.e., 90 % of
the EtBr in the solution is absorbed by the cryogel. The sorption capacity decreases
in the following cycles and the cryogel saturates after six cycles. In Fig. 17b, the
number of EtBr molecules bound per nucleotide (denoted by r) is plotted against the
cumulative contact time of successive cycles. A rapid sorption of EtBr by the
cryogel up to r =0.45, followed by a slow sorption process, can be seen from the
figure. Repeated tests showed that the total capacity of the cryogels is 0.6 + 0.1
EtBr molecules per nucleotide. Since the maximum amount of EtBr that can bind to
DNA is one molecule per base pair, the results show that this value can be achieved
using cryogels without disturbing the integrity of the gel structure.

The swelling behavior of the cryogels depending on the amount of bound EtBr
per nucleotide is illustrated in Fig. 17¢c [48]. Here, the normalized cryogel mass ni,,
and volume V. with respect to those in pure water are shown as a function of r. At
low ratios of bound EtBr to DNA (r < 0.3), the gel swells with increasing amount
of bound EtBr. After a 3.5-fold increase in the volume and mass of the gel at
r = 0.3, it starts to deswell again and finally attains a compact mass at » = 0.6. The
equality of mass and volume changes of the cryogels demonstrates that this unusual
swelling behavior is related to the gel structure, but not the porosity changes
depending on EtBr binding.

To understand the unique swelling behavior of DNA cryogels in EtBr solutions,
one has to consider the nature of interactions of EtBr with nucleic acids in aqueous
solutions. Previous studies indicate the existence of two main types of EtBr binding
to DNA [121, 122]. At low values of r, EtBr binds strongly to DNA sites by
intercalation, which appears to be saturated when one EtBr molecule is bound for
every 2.1 £ 0.2 base pairs, i.e., r = 0.24 4 0.02. This is the accepted maximum
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value for intercalation based on the neighbor exclusion model. Sorption of EtBr by
the cryogels with 90 % efficiency, observed at » < 0.25, is thus attributed to the
intercalation of EtBr within the double helical DNA strands. Moreover, the inter-
calation of EtBr into DNA changes the rotation angle between adjacent base pairs
and unwinds the helix, resulting in lengthening of the DNA strand [124, 125]. This
process also increases the viscosity of DNA solutions due to the increasing hydro-
dynamic size of DNA strands [126]. The extent of the increase in viscosity depends
on the number of EtBr molecules bound per nucleotide; this behavior is also a
characteristic of all DNA intercalators. Thus, the initial swelling of DNA gels at
r < 0.3 may originate from the increasing length of DNA network chains, which
decreases the elastically effective crosslink density of the cryogels. We should
mention that the disintegration of DNA hydrogels at » = 0.10-0.15 could also be
related to this phenomenon (Fig. 16a). Lengthening and stiffening of the helix due
to intercalated DNA decreases the crosslink density of the hydrogels [48], leading
to their dissolution in EtBr solutions. In contrast, cryogels are stable in EtBr
solutions due to the dense pore walls formed during cryo-concentration.

The swelling response of DNA cryogels to changes in EtBr concentration
between 3 and 300 pM also suggests that they can be used to detect
DNA-binding substrates in aqueous solutions. On the other hand, it was reported
that at high r ratios (r > 0.25), after the primary sites of DNA have been filled, a
secondary binding process occurs arising from electrostatic interactions between
phosphate residues and EtBr molecules attached outside the helix. As a conse-
quence, in this range of r, the cryogel deswells with increasing concentration of
EtBr, which is similar to the behavior of polyelectrolyte hydrogels immersed in
aqueous solutions of increasing salt concentration. The results thus show that DNA
cryogels can be used as a specific sorbents to remove carcinogenic agents from
aqueous solutions. Moreover, the response of DNA cryogels to changes in EtBr
concentration between 3 and 300 pM also suggests that they can be used to detect
DNA-binding substrates in aqueous solutions.

5.2 Fibroin Cryogels as Mechanically Strong Scaffolds

Silk fibroin derived from Bombyx mori is a fibrous protein exhibiting extraordinary
material properties such as good biocompatibility, biodegradability, high strength
and toughness, and ease of processability [127—-129]. Silk fibroin has been used for
cell culture, wound dressing, drug delivery, enzyme immobilization, and as a
scaffold for bone tissue engineering [130, 131]. Silk fibroin has a blocky structure
consisting of less-ordered hydrophilic blocks and crystallizable hydrophobic blocks
[132-135]. Hydrophilic blocks provide solubility in water and are responsible for
fibroin elasticity and toughness, whereas hydrophobic blocks form intermolecular
B-sheet structures leading to the insolubility and high strength of fibroin. Several
techniques have been developed to produce porous fibroin scaffolds such as freeze—
thawing, porogen leaching, gas foaming, electrospinning, and freeze-drying
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[136-146]. The principle of the porogen leaching and gas foaming techniques is the
use of porogens, such as sodium chloride and ammonium percarbonate acting as a
template and gas-forming agent, respectively. After treatment of fibroin/porogen
composites with alcohols to induce p-sheet formation, the porogen is leached out
with water to form the pores of the scaffolds. To produce fibroin scaffolds by
freeze-drying, aqueous fibroin solutions are mixed with alcohol to obtain a gel
precipitate following freezing at a low temperature, and are finally freeze-dried
[137]. It was shown that the porogen leaching and gas foaming techniques produce
scaffolds having larger pores (100-200 pm) than the scaffolds formed by freeze-
drying (10-50 pm). The compressive moduli of the scaffolds vary, depending on
the preparation conditions between 10 kPa and 3 MPa.

An alternative simple route for the production of 3D highly porous fibroin
networks is the cryogelation technique. Silk fibroin cryogels with remarkable
properties were recently obtained from frozen fibroin solutions (4.2-12.6 %) at
subzero temperatures between —5 and —22 °C [50]. This was achieved by the
addition of EGDE to the cryogelation system. It was shown that the cryogelation
reactions conducted in the absence of EGDE did not lead to gel formation after
1 day of reaction time, indicating that cryo-concentration alone does not induce
fibroin gelation. Experiments indicate that the presence of EGDE triggers the
conformational transition of fibroin from random coil to p-sheet structure and,
hence, fibroin gelation [49, 50]. Figure 18a shows the amide I band region of
ATR-FTIR spectra, presenting the carbonyl stretching vibration of amide groups
on silk fibroin. The spectrum of fibroin before gelation (dotted curve in Fig. 18a) is
characterized by a peak at 1,640 cm ™', which indicates the presence of primarily
random coil and/or -helix conformations [147, 148]. After cryogelation, all sam-
ples display a main peak at 1,620 cm™', which was assigned to the p-sheet
conformation [148]. In addition to the main peak, shoulders at 1,660 and
1,698 cm ! are seen, which can be assigned to a-helix and p-turn conformations,
respectively. This indicates the occurrence of a conformational transition from
random coil to P-sheet structure in frozen fibroin solutions. Further evidence for
the B-sheet formation comes from the X-ray profiles of freeze-dried cryogels
(Fig. 18b). Silk fibroin before gelation (dotted curve in Fig. 18b) exhibits a broad
peak at around 22°, indicating an amorphous structure [149]. After gelation, all the
cryogels show a distinct peak at 20.9° and two minor peaks at 9.8 and 24.5°. These
are the characteristic peaks of the f-sheet crystalline structure of silk fibroin,
corresponding to B-crystalline spacing distances of 4.3, 9.0, and 3.6 A°, respectively
[149, 150]. The results of p-sheet content analysis show that fibroin chains before
gelation have 12 £ 2 % f-sheet structures, while their contribution increases to
33 £ 2 % [50].

One of the unique features of fibroin cryogels is their elasticity, which allows
them to resist compression without any crack development. All the cryogel samples
were very tough and could be compressed up to about 99.8 % strain without any
crack development; during compression, water inside the cryogel was removed
(Fig. 9). Upon unloading, the compressed cryogel immediately swelled to recover
its original shape.
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Fig. 18 Amide I region of (a) FTIR spectra and (b) X-ray diffraction profile of freeze-dried
fibroin cryogels. Data obtained by freeze-drying of silk fibroin solutions before gelation are also
shown (dotted curves).(a) TEMED content (%): 0.07 (solid curve), 0.10 (long dash), 0.13 (short
dash), 0.17 (short-long), 0.25 (dash-dot-dot), 0.33 (short-long-short), and 0.50 % (dash-dot). (b)
TEMED content (%) is indicated on the curves. Ty, = —18 °C; Csp = 4.2 wt%; EGDE =
20 mmol/g. (From [50] with permission from the American Chemical Society)

It was shown that the critical stress o}, corresponding to the plateau regime in the
stress—strain curves of cryogel scaffolds increases with decreasing pore diameter,
that is, with decreasing gelation temperature T, or with increasing fibroin or
EGDE concentrations [50]. Figure 19a shows the stress—strain curves of cryogel
scaffolds formed at T, = —18 °C and at three different fibroin concentrations
Csg. Inspection of the curves reveals that the critical stress oy, increases from 0.6 to
4.4 MPa with increasing fibroin concentration Csg from 4.2 to 12.6 %, i.e., with
decreasing pore diameter from 33 to 10 pum (Fig. 15). The results suggest an
increasing mechanical stability of the porous structure of fibroin scaffolds with
decreasing size of the pores. Indeed, the compressive modulus and the compressive
stress measurements of the scaffolds support this finding. The cryogel scaffolds
formed at Tprep = —18 °C and Csp = 4.2 % exhibit a compressive modulus E of
8 & 1 MPa, with a compressive nominal stress 6.omp of 0.22 = 0.04 MPa. These
values are about one order of magnitude higher than those of the hydrogel scaffolds
formed at Tyrep = 50 °C. As illustrated in Fig. 19b, the modulus E and the
COMPIESSiVe SITess ocomp further increase to 48 and 1 MPa, respectively, as Csg is
increased from 4.2 to 12.6 %.

We have to mention that fibroin scaffolds formed by freeze-drying of fibroin
solutions pretreated with alcohols exhibit compression moduli of 10-100 kPa,
whereas the salt leaching method generates scaffolds with a modulus of 0.5 MPa
[137]. The largest compressive modulus and compressive strength reported so far
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Fig. 19 (a) Stress—strain curves of fibroin scaffolds formed at various Csg, shown as the
dependence of the nominal stress o on the degree of compression. Cgsr as indicated in the figure;
Torep = —18 °C; EGDE = 20 mmol/g; TEMED = 0.25 %. (b) The compressive modulus E and
COMPIESSive Stress oeomp Of fibroin scaffolds are shown as a function of fibroin concentration Csg
in the feed. Tpep = —18 °C; EGDE = 20 mmol/g; TEMED = 0.25 %. (From [50] with permission
from the American Chemical Society)

for fibroin scaffolds are 3 MPa and 60 kPa, respectively, which were for gels
produced by the gas foaming technique [137]. Thus, as compared to other tech-
niques, cryogelation conducted at T, = —18 °C and using 12.6 % fibroin in the
feed leads to fibroin scaffolds exhibiting 16-fold larger modulus and strength
(48 &£ 10 MPa and 970 + 50 kPa, respectively). The extraordinary strength of
the cryogel scaffolds originates from the high fibroin concentration of the pore
walls; gelation in frozen solutions confines the fibroin in a small region of the
reaction volume, forming the pore walls of the final material. This also provides a
high degree of toughness to cryogels in their swollen states.

5.3 Poly(Acrylic Acid) Cryogels as Self-Oscillating Systems

Conventional responsive hydrogels either swell or deswell in contact with external
stimuli, that is, they make only a single action in response to external variables. In
contrast, however, the so-called self-oscillating hydrogels exhibit swelling—
deswelling cycles in contact with a solution [151]. Thus, self-oscillating hydrogels
create dynamic rhythms and may open new application areas such as self-walking
microactuators or micropumps with peristaltic motion, pacemakers, timers, and
oscillatory drug release systems [151].
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Self-oscillating hydrogel systems can be designed by coupling a responsive
hydrogel sample with oscillating chemical reactions. For example, the Belousov—
Zhabotinsky (BZ) reaction is a well-known oscillating system and the overall
process of the reaction is the oxidation of a substrate such as malonic acid in the
presence of oxidizing agent (bromate) and metal catalyst in an acidic solution [152,
153]. Yoshida and coworkers used poly(N-isopropyl acrylamide) gel in a BZ
reaction to produce a self-oscillating gel system [151, 154]. Crook et al. used
poly(methacrylic acid) (PMAAc) gel in a Landolt oscillating reaction system
consisting of bromate, sulfite, and ferrocyanide ions [155, 156]. Although the actual
mechanism of this bromated oscillation system is complicated, the overall reaction
consists of two main steps: (1) the oxidation of sulfite by bromate and (2) the
oxidation of ferrocyanide by bromate, i.e., [155]:

BrO; + 3HSO; + H'Br~ +3SO; +4H* (11a)
BrO; + 6Fe(CN);~ + 6HBr~ + 6Fe(CN)}~ + 3H,0 (11b)

Thus, the first reaction produces H" ions so that pH of the reaction solution
decreases, while the second reaction consumes H' ions so that the pH again
increases. In response to the oscillatory pH changes in solution, a weak polyelec-
trolyte gel such as PMAACc oscillates between swollen and collapsed states.

However, all of the self-oscillating conventional hydrogels are limited in their
size to microscopic dimensions, due to their slow rate of response to external
stimuli. Recently, it was shown that centimeter-sized poly(acrylic acid) (PAAc)
cryogels can be used as a pH oscillator in oscillatory bromate—sulfite—ferrocyanide
reactions [31]. The cryogels were prepared at —18 °C from frozen aqueous solu-
tions of acrylic acid (AAc) monomer and BAAm crosslinker. Fast responsive
macroporous PAAc cryogels could be obtained at an initial monomer concentration
C, of <4 % (w/v). InFig. 20, the diameter D of PAAc cryogels formed at C, =2 %
is shown as a function of time during three successive deswelling—reswelling cycles
in methanol and water, respectively. The gel diameter D varies between 8 and
2 mm, i.e., the gel exhibits completely reversible cycles. This 64-fold change in the
gel volume during the swelling—deswelling cycles does not induce any crack
formation, and the network structure remains stable. The results thus suggest that
such gel samples are useful materials in oscillating reaction systems.

Indeed, PAAc cryogels coupled with a bromate oscillator oscillated between
swollen and collapsed states [31]. The reactions of bromate, sulfite, and ferrocya-
nide ions were conducted in an open continuously stirred tank reactor. Four feed
solutions (potassium bromate, sodium sulfite, potassium ferrocyanide, and sulfuric
acid) were supplied continuously to the reactor, during which the pH of the reaction
solution was monitored as a function of time. The flow rate of the feed solutions is
an important parameter in determining the extent of pH oscillations. In Fig. 21, pH
versus time plots are shown for four different reduced flow rates &, defined as the
flow rate of the feed solutions divided by the reaction volume. It is seen that the pH
of the solution oscillates between 6.2—6.9 and 3.2-3.8. The dissociation degree o of
a weak electrolyte relates to pH by:
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Fig. 20 Deswelling—reswelling kinetics of PAAc cryogels formed at 2 % initial monomer
concentration are shown as the variation in gel diameter D with time. The data points are results
of the measurements during the first ( filled circle), second (open circle), and third ( filled triangle)
deswelling-reswelling cycles. (From [31] with permission from John Wiley & Sons)

a
pH = pK, + log(—) (12)
l-—a

Using pK, = 4.25, as reported for PAAc gels [157], one may calculate the
dissociation degree a as 0.15 and 0.99 for pH values of 3.5 and 6.5, respectively.
Thus, if PAAc gel is immersed into this solution, the concentration of the mobile
ions (Na®) inside the gel will change sevenfold during these pH oscillations.
Figure 21 also shows that the larger the flow rate k, the larger the extent of
oscillation. Furthermore, increasing flow rate also increases the time period at
high and low pH values. For example, at k = 1x10 * and 1x10* s, the pH of
the solution remains above pH 6 for 25 and 75 min in each cycle, respectively. The
results in Fig. 21 also demonstrate that the oscillation proceeds monotonically with
fixed values of the maximum and minimum pH.

Figure 22 demonstrates the behavior of PAAc cryogels in this pH oscillating
system. Here, the pH and the gel diameter D are plotted as a function of time at a
flow rate k = 5x10~* s™'. Gel samples of 5 mm in diameter and about 1 cm in
length (approximately 1 cm®) were used in the experiments. Images of the gel
samples were taken every minute using an image analyzing system, while the pH of
the solution was also monitored by PC. The images in Fig. 22 were taken from the
gel sample in swollen and collapsed states. It is seen that, depending on the pH
oscillations, the diameter of the gel sample periodically varies between 7 and 5 mm,
indicating a threefold change in the gel volume.

At high pH, the concentration of the mobile ions inside the PAAc cryogel
increases (12) so that the difference between the mobile ion concentration inside
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Fig. 21 (a—d) pH of the reaction solution shown as a function of time. Flow rate k = 1x10™* (a),
2x107* (b), 3.5x 10 * (¢), and 10x10~* s~ (d). (From [31] with permission from John Wiley &
Sons)

and outside the gel rises, which creates additional osmotic pressure that expands the
gel. The opposite behavior occurs at low pH, which induces deswelling of the gel
sample. However, the extent of volume change in the pH oscillating reaction is
much smaller than that observed in swelling—deswelling experiments, as shown in
Fig. 20. This is due to the high salt concentration in oscillating reaction systems,
which partially screens the charge interactions within the cryogel.

The results thus show that PAAc cryogels produce periodic swelling—deswelling
oscillations in the bromate oscillation system. As the response rate of cryogels does
not depend on their size, much larger cryogel samples can also be used in self-
oscillating systems. This suggests that, like the back-and-forth motion of a piston of
a heat engine, a pH-responsive cryogel could be used as a working substance to
convert random molecular energy into macroscopic mechanical energy of lower
entropy.
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Fig. 22 Variations in pH (dotted curves) and gel diameter D (symbols) as a function of time. Flow
rate k = 5x10™* s~'. The pictures on the right show the gel samples at high and low pH. (From
[31] with permission from John Wiley & Sons)

5.4 Rubber Cryogels as Reusable Oil Sorbents

Accidents involving oil tankers can result in the release of large volumes of crude
oil, and this risk significantly increases along narrow seaways with heavy maritime
traffic. Removal of crude oil and petroleum products that are spilled at sea has been
a serious problem in recent decades [158]. Among existing techniques for the
removal of oil, the use of sorbents is generally considered to be one of the most
efficient techniques [159, 160]. The properties of an ideal sorbent material for oil
spill cleanup include hydrophobicity, high uptake capacity and high rate of uptake,
buoyancy, reusability or biodegradability, and recoverability of oil. Although
several materials have been proposed as sorbents for oil removal, polymeric
materials based on nonwoven polypropylene are the most commonly used com-
mercial sorbents in oil spill cleanup [161-165]. However, commercial oil sorbents
are not reusable, meaning that they form a solid waste after the cleanup procedures.

The reusability of the sorbents and the recoverability of the crude oil are
important aspects of oil spill cleanup procedures. Because cryogels are squeezable
gels and the liquid in the cryogels can simply be recovered via manual hand
compression, hydrophobic cryogels are good candidates as oil sorbents for oil
spill removal. The most suitable polymeric precursor for the preparation of cryogels
as sorbent for crude oil can be estimated using the solubility parameters. According
to the Hildebrand theory [166], the solvating (swelling) power of a polymer—solvent
medium can be estimated from (5,—6,)°, where 5, and &, are the solubility
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parameters for the solvent and the polymer, respectively. The solubility of a
polymer in a solvent is favored when (61—62)2 is minimized, i.e., when the
solubility parameters of the two components are most closely matched. The value
of §; for aliphatic and some aromatic hydrocarbons, as a model for crude oil, is
close to the &, of rubbers such as PIB, CBR, and SBR (16.5-16.8, 18.0, and
18.1 MPal/z, respectively) [51, 167, 168]. As a consequence, crude oil is a good
solvent for these rubbers and can be used for the production of cryogels for use as
oil sorbents.

As detailed in Sect. 2.1, the dilute solutions of rubbers such as PIB, SBR, and
CBR can be crosslinked using sulfur monochloride (S,Cl,) as a crosslinking agent.
Experiments show that S,Cl, is an efficient crosslinking agent in organic solutions
such as benzene or cyclohexane, even at very low reaction temperatures down to
—22 °C and at crosslinker ratios down to about 0.9 mol S,Cl,/mol internal vinyl
group on the rubber [52, 53, 55]. The reaction between S,Cl, and the unsaturated
groups of the rubbers PIB, CBR, and SBR in frozen organic solutions is due to the
effect of cryo-concentration below the freezing point of the solvent. For instance,
when a 5 % (w/v) PIB solution in benzene is frozen at —18 °C, 14 % of the benzene
remains unfrozen in the apparently frozen system, making the PIB concentration in
the unfrozen regions about 36 %, which is high enough to conduct the crosslinking
reactions even at —18 °C [52].

Figure 23 shows SEM images of CBR, SBR, and PIB cryogels formed in
benzene at Ty, = —18 °C and at a rubber concentration Cr of 5 % (w/v)
[55]. The crosslinker (S,Cl,) concentration is 6 and 12 % in the upper and lower
panels, respectively. The cryogels derived from CBR and SBR exhibit an aligned
porous structure consisting of regular pores with sizes 10'~10? um, separated by
pore walls of 10-20 pm in thickness. Decreasing the concentration of CBR or SBR
in the feed further increased the regularity of the porous structure [55]. As indicated
in Sect. 4.1, the regularity of the pore structure increases with decreasing freezing
rate of the reaction solution, or by conducting the cryogelation reactions under
isothermal conditions. The latter facilitates homogeneous nucleation of solvent
crystals so that the polymer network formed will exhibit monodisperse pores. In
the present case, gelation occurs non-isothermally during the initial cooling period
of the reaction solution from 20 °C to —18 °C, which takes place in about 5 min
[55]. Since decreasing the polymer concentration Cg also decreases the rate of the
crosslinking reactions, the gel point is shifted towards longer reaction times as Cg is
decreased, so that gelation occurs isothermally in the apparently frozen system,
leading to the formation of more regular pores. In contrast, gel networks formed
from PIB exhibit a broad size distribution of irregular pores from micrometer to
millimeter sizes. Thus, the use of PIB in the gel preparation destroys the regularity
of the porous structure in the organogels.

The variation in the morphologies of the cryogels depends on the type of rubber
and originates from the different solvating power of benzene for different types of
rubber. For instance, Fig. 24a shows the normalized weight swelling ratio m, of
conventional gels based on PIB, CBR, and SBR in benzene plotted against the
swelling temperature [55]. Both CBR and SBR gels exhibit temperature-
independent swelling behavior and, thus, benzene is a good solvent for these
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Fig. 23 SEM of the gel networks formed from the various rubbers indicated. Cr =5 %; S,Cl, =
6 % (upper row) and 12 % (bottom row). The degree of unsaturation of PIB was 1.1 % (PIB1) and
2.3 % (PIB2). (From [55] with permission from Elsevier)
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Fig. 24 (a) Normalized weight swelling ratio m, of conventional gels based on SBR, CBR, and
PIB2 in benzene shown as a function of the swelling temperature. The gels were prepared at 20 °C
in the presence of 12 % S,Cl,. (b) Typical stress—strain data of rubber cryogels. Types of rubber
and the rubber concentration at gel preparation are indicated. (From [55] with permission from
Elsevier)
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polymers over the whole range of temperatures investigated. This indicates that
CBR and SBR remain in the solution during the initial cooling period of the
gelation reactions so that only the cryogelation mechanism is responsible for
formation of the pores in these networks. However, the swelling capacity of PIB
gel strongly depends on the temperature (Fig. 24a); the gel continuously deswells as
the temperature is decreased and benzene becomes a poor solvent at low temper-
atures. Thus, PIB chains are not only expelled from the solution due to cryo-
concentration but they also undergo a cooling-induced phase separation to form
agglomerates of various sizes. Accordingly, both cryogelation and cooling-induced
phase separation mechanisms govern the process of formation of the pores in PIB
networks. The formation of millimeter-sized large pores also supports the idea that
two mechanisms are operative in the formation of the porous structure in PIB
networks.

The total pore volume V,, of the cryogels formed at Cr = 5 % (w/v) was
7 + 0.5 mL/g, independent of the type of rubber and the crosslinker concentration.
The value of V,, further increased with decreasing the rubber concentration Cg to
2.5 % (w/v) [55]. Typical stress—strain data of the cryogels derived from PIB, CBR,
and SBR are shown in Fig. 24b. None of the rubber cryogels broke, even at a strain
of 99.9 %. Sorption tests show that the cryogels are effective sorbents for various
pollutants, e.g., crude oil, gasoline, diesel, and olive oil [54, 55, 69]. The sorption
rate of all cryogels is very rapid due to their interconnected pore structure and they
absorb the pollutants in less than 10—20 min to attain thermodynamic equilibrium.
Moreover, PIB gels exhibit the fastest uptake rate for the pollutants, probably due to
their large pores formed by phase separation. In Fig. 25a, the maximum sorption
capacities of CBR, SBR, and PIB cryogels are compared for various pollutants.
SBR or CBR cryogels sorb 35-38 g crude oil or 23-26 g olive oil per gram, as
compared to 23 g/g and 9 g/g, respectively, using the PIB gel. We should mention
that the widely used oil sorbents based on polypropylene have sorption capacities
for both crude oil and olive oil of about 15 g/g [54]. Thus, SBR and CBR gels have
sorption capacities about twice that of the commercial oil sorbents. Another point
shown in Fig. 25a is that the sorption capacity of the cryogels is highest for crude
oil, i.e., for the pollutant with highest viscosity. This implies that, although
increased viscosity of the pollutant decreases the rate of sorption, favorable hydro-
phobic interactions between the crude oil and the hydrophobic polymer dominate
the sorption process so that more oil is retained within the rubber gels.

The reusability of rubber cryogels and their continuous sorption capacities were
also demonstrated by conducting sorption—squeezing cycles [54, 55]. The cycles
were repeated 20 times to obtain the recycling efficiency and continuous extraction
capacity of the cryogels. The results are shown in Fig. 26, where the uptake capacity
of the gels in each cycle for various pollutants is plotted against the number of
sorption—squeezing cycles. The amount of pollutant sorbed in each cycle is almost
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Fig. 25 (a) Maximum and (b) continuous sorption capacities of the cryogels for various pollut-
ants. Types of rubber and the rubber concentration at gel preparation are indicated. S,Cl, = 6 %.
(From [55] with permission from Elsevier)

constant for the number of cycles larger than six; for example, it is equal to
37.5 £ 0.1 g crude oil/g and 24.4 & 0.1 g olive oil/g for SBR gels formed at Cx
= 2.5 %. The average of the sorption capacities (i.e., the continuous extraction
capacities) of the best sorbents are collected in Fig. 25b. The results clearly
demonstrate that the continuous capacity is close to the maximum capacity of
gels, indicating high reusability of all cryogels and recoverability of crude oil,
petroleum products, and olive oil. Sorption tests conducted using pollutants that
spread on the water surface gave similar results as those in Fig. 26 [55]. The fact
that 37.5 g crude oil can be recovered by 1 g of SBR gel in one cycle means that
about one ton of crude oil can be separated from surface waters by use of 1 kg SBR
gel within 25 cycles. Due to the fast responsivity of the cryogel, when put onto sea
water, it immediately absorbs crude oil on the water surface. Successive sorption—
squeezing cycles can continuously remove crude oil from water and, at the same
time, crude oil is recovered.
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Fig. 26 Continuous extraction capacities of the cryogels for various pollutants as a function of the
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6 Concluding Remarks

In recent years, strategies for the synthesis of macroporous gels have been contin-
ually optimized and the concept of cryogelation has become increasingly important
for the synthesis of such smart materials. Cryogelation is a simple strategy that
allows the preparation of macroporous gels with high toughness and superfast
responsivity. Although discovered over 30 years ago, cryogels have attracted
intense attention only in the last 10 years due to their extraordinary properties.
Cryogels are very tough gels that can withstandhigh levels of deformation, such as
elongation and torsion, and can be squeezed almost completely without any crack
propagation. The cryogelation temperature, the freezing rate of the reaction solu-
tions, the type and concentration of the gel precursors, and the solvent are the main
synthesis parameters determining the properties of the resultant cryogel. Some
novel cryogels presented in this chapter (including DNA, silk fibroin, PAAc, and
rubber cryogels) show that cryogelation technology opens new application areas for
macroporous materials. Current research in the field of macroporous gels is focused
on tailor-made design of the pore structure. The polymerization and/or crosslinking
reactions at subzero temperatures that lead to cryogels are multicomponent systems
composed of a polymer network, soluble polymers, and low molecular weight
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compounds (monomers and solvent) in equilibrium with solvent crystals. All
concentrations and properties of the system components change continuously
during the cryogelation process. A more complete understanding of this compli-
cated gel formation system is needed in order to improve the structuring of cryogels
overall length scales from nanometer to micrometer. Moreover, because the volume
swelling ratio of the cryogels and their porosity are inversely coupled, new syn-
thetic approaches are also needed for the preparation of cryogels exhibiting drastic
volume changes in response to external stimuli.
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Abstract Aqueous poly(vinyl alcohol) (PVA) solutions subjected to cryogenic
treatment form strong physical gels. The cryogenic treatment basically consists of
freezing an initially homogeneous polymer solution at low temperatures, storing in
the frozen state for a definite time, and defrosting. These gels are of great interest
for biotechnology, medicine, the food industry, and many other applications. The
outstanding properties of these systems depend on a complex macroporous archi-
tecture, whereby PVA chains and water molecules are organized over different
hierarchical length scales. The structure and the principal processes subtending the
formation of these systems are discussed in the framework of our current under-
standing of polymer gels. These processes involve formation of ice crystals, PVA
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crystallization, liquid-liquid phase separation, hydrogen bonding, and entangle-
ments. Small angle neutron scattering is used to follow the cryotropic gelation of
PV A/water solutions and detailed information is extracted concerning the gelation
mechanism and kinetic parameters related to the formation of these complex
systems.

Keywords Cryotropic gelation ¢ Poly(vinyl alcohol) hydrogels ¢« Time-resolving
small angle neutron scattering ¢ Ostwald stage-rule ¢ Confined polymer
crystallization

Abbreviations

a-PS Atactic polystyrene

BP Berghmans point

CLSM Confocal laser scanning microscopy
Cp Polymer concentration

* /aq Scattering cross-section

d, Surface fractal dimension

DSC Differential scanning calorimetry

F Free energy

(D) Order parameter

f.(DSC) Fractions of crystalline phase from DSC analysis
f:(NMR) Fraction of rigid protons from NMR measurements

f:(XR) Crystallinity index from WAXS analysis
LL Liquid—-liquid phase separation
NMR Nuclear magnetic resonance

PEG Poly(ethylene glycol)

PVA Poly(vinyl alcohol)

q Scattering vector

SANS Small angle neutron scattering
SEM Scanning electronic microscopy
TEM Transmission electron microscopy
T, Glass transition temperature

T Melting temperature

TR-SANS Time resolving-SANS

UCST Upper critical solution temperature

WAXS Wide angle X-ray scattering
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1 Introduction

In this chapter, we deal with kinetic and mechanistic aspects associated with the
complex cryotropic gelation of semidilute aqueous solutions of poly(vinyl alcohol)
(PVA). The possibility of obtaining strong physical gels by cryogenic treatments of
PVA/water solutions has been well known since the 1970s [1-6]. The cryogenic
treatment basically consists of freezing an initially homogeneous polymer solution
at low temperatures, storing in the frozen state for a definite time, and defrosting.
Freezing is generally performed at high cooling rates and, in order to improve the
strength of the gels, freezing and thawing are repeated a number of times. The
strength of PVA cryogels prepared by means of freeze—thaw cycles depends on the
initial polymer concentration in the solution to be frozen, the thawing rate, the
permanence time of the solution at low temperatures, and the number of imposed
freeze—thaw cycles. Cryogel strength is virtually independent of the temperature of
freezing and the cooling rate of the initial solution to that temperature [4, 5,
7]. Strong physical gels can be obtained even by imposing a single freeze—thaw
cycle, either with use of slow thawing rates or by the prolonged storage of the
samples at subzero temperatures [3].

The large interest in PVA cryotropic hydrogels is due to a number of unique
properties, including high dimensional stability, large deformability, maintenance
of high conservative elastic modulus even after immersion in water for a long time
[8, 9], and self-healing performance [10]. In addition, the well-tested biocompati-
bility of freeze—thaw PVA hydrogels and their ability to incorporate and release
large amounts of host molecules of different size in their structure make these
systems particularly attractive for biomedical and biotechnological applications [1,
5, 11].

The outstanding physical properties of freeze—thaw PVA hydrogels derive from
their complex structure, whereby PVA chains and solvent molecules are organized
at different hierarchical length scales. These gels exhibit a structure that includes an
interconnected network of micro- and macropores filled by a polymer-poor phase.
The network scaffolding is ensured by interconnected regions of a polymer-rich
phase [1]. The latter phase is itself organized and consists of small fringed micelle-
like crystalline aggregates of PVA chains and amorphous domains. The PVA
chains in the amorphous domains are swollen by the solvent and act as tie chains
that connect the PVA crystallites.

Section 2 is aimed at recalling the general aspects of polymer gels. These
concepts turn out to be useful in Sect. 3 for understanding the mechanism of
formation, the structure, and the properties of PVA hydrogels generated by physical
crosslinking processes, first in general terms, then focusing on freeze—thaw PVA
hydrogels in particular. The structure of freeze—thaw PV A hydrogels is discussed in
detail and possible mechanisms leading to their formations are illustrated, empha-
sizing some aspects that have been investigated using time-resolving analysis with
small angle neutron scattering (TR-SANS). TR-SANS is used to follow the struc-
tural transformations occurring during consecutive freeze—thaw cycles, with the
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aim of extracting appropriate descriptors of the structural transformations occurring
at the relevant length scale and the kinetic parameters. Chemical hydrogels of PVA
are not included in the present context, in spite of their importance and interesting
properties in several applications. Some excellent reviews on this subject may be
found in the literature [1, 12, 13]. The last section is devoted to the conclusions and
outlook.

It is worth noting that understanding the factors that govern the cryogelation
mechanism of homogeneous polymer solutions is useful both in fundamental
studies of the phenomena subtending the formation of macroporous gels in PVA
and polymers in general and from an applicative standpoint. Such knowledge can
enable control of the final architecture of cryogels by simply tuning the conditions
of preparation, with the aim of obtaining materials with enhanced properties for
tailored applications.

2 General Considerations

Polymer gels are mesoscopic systems that include a liquid phase (solvent) and a
crosslinked three-dimensional (3D) polymer network intimately swollen by the
solvent (solvate) [14—16]. The two phases cannot be distinguished at macroscopic
level, meaning that the gels at macroscale are homogeneous systems.

Gels, are generally formed starting from a solution of a low or high molecular
mass precursor (sol) as a result of a crosslinking process that is able to create a
macroscopic 3D network (gel). Because the presence of crosslinks reduces the
mobility of the molecular species that have reacted to become part of the network,
the solvent may end up entrapped within the network-gel in high amounts instead of
being rejected. It is worth noting that, although the solvent may largely exceed the
polymeric component by weight, gels do not behave as viscous polymer solutions,
but rather behave as elastic solids or semisolids able to withstand their own weight,
even over long time scales.

The liquid component of a gel may either be a pure solvent of the initial
precursor or a polymer-poor liquid phase. The mobility of the solute and solvent
molecules in these liquid domains is high, as in a solution. Consequently, gels
combine the properties of a solid network structure and a liquid solution at the
mesoscale level, giving rise to materials with unique properties that are useful for a
variety of applications.

In particular, polymer gels (depending on the chemical constitution of the
components, processing conditions, and phase composition) may feature a gamut
of properties that range from those of hard and tough materials to those of
elastomers, that is, they are able to undergo large deformation upon application
of pressure and to quickly recover the initial shape and dimensions when the
external stress is removed [12—18]. In all cases, the high dimensional stability of
gels is ensured by the presence of a network, which can be built by either physical
or chemical crosslinks, giving rise to either physical or chemical gels.
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Examples of physical crosslinks are microcrystalline aggregates, entangled
chains, ionic interactions between charged atoms or groups of atoms, and hydrogen
bonds. Physical gels are also reversible because the physical crosslinks can be
created and removed by appropriate physical stimuli (e.g., pH, contact with a
nonsolvent, etc.), and, typically, temperature. For this reason, they are often
named “thermoreversible.”

In chemical gels, the crosslinks are covalent bonds connecting the arms of the
3D network. As a result of covalent bonding, chemical gels are irreversible.

Whereas chemical gels are generally strong, physical gels may be strong or
weak, depending on the strength of the interactions involved in the crosslinks.
Strong physical gels have strong physical crosslinks between polymer chains that
are effectively permanent for a given set of experimental conditions [15-17, 19]. As
an example, strong physical junctions may consist of glassy or microcrystalline
nodules, triple helices, or coiled-coils as, for instance, in the case of hydrogels
formed from fibrous proteins or biomacromolecules.

Weak physical gels have reversible links formed from temporary weak interac-
tions between chains, of the order of kT. These associations have finite lifetimes,
breaking and reforming continuously. Examples of weak physical bonds are hydro-
gen bonds, ionic associations, and micellar aggregates of block copolymers.

The outstanding physical properties of gels associated with their fast stimuli
response have noticeably stimulated research for a long time. Polymeric gels have
been developed that are “smart,” i.e., able to quickly respond to different external
stimuli [15, 20]. For instance, Tanaka’s gels have valuable applications because
they can expand and contract up to 1,000 times their original volume in response to
external stimuli. These gels could be used as artificial muscles, set in motion by a
specific electric pulse [21]. More importantly, the polymers in the gels can capture
or expel specific substances as they grow or shrink, so that the gels could be used,
for example, as super-sponges to absorb and immobilize toxic waste, or as molec-
ular filters of various sorts [18, 20-23]. Among the smart gels, there are materials
that imitate proteins by recognizing conditions and responding to their environ-
ment. For example, smart gels can be fine-tuned to draw humidity from the air when
it is over a certain level at a given temperature. Other gels can release insulin when
the glucose level in the water-rich phase drops below a given point [15, 18]. More-
over, it is worth remembering that gels represent an important intermediate step in
polymer processing for obtaining highly oriented fibers showing high strength and
high modulus (e.g., ultrahigh-strength polyethylene fibers Dyneema and
Spectra) [17].

The outstanding properties of gels are directly related to the chemical nature of
their constituents, their reciprocal arrangement and interactions, and their mobility
in the space. Structure and mobility in a gel, in turn, are fixed by the preparative
conditions and processing. Although a gel may be assimilated to a single giant
branched macromolecule, the structure of its parts covers different orders of
hierarchical organization on different length scales. Roughly, the hierarchical
apparatus of gels ranges from a few nanometers for the size of knots; to hundreds
of nanometers for the organization of matter between first neighboring knots; to
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microns for the relative organization of clusters of knots; and so on. Gels may
include macro- and/or microscale heterogeneities such as macro- and micropores
inside their structure. The length scales and the kind and degree of heterogeneities
in a gel have a strong influence on its final properties. Therefore, the design of
preparation/processing methods for achieving gels with tailored morphology able to
ensure prefixed properties is a research area of great applicative interest.

From a fundamental point of view, the achievement of this goal needs the
establishment of precise relationships between the functionality of the gel and its
fundamental constituents, their chemical nature, their geometric arrangement, and
their mobility. Of primary interest in basic research in the field of polymer gels are
(1) definition of the structural organization of gel components on different length
scales and (2) the structural and morphological transformations of a gel in the initial
state (preparative ensemble), during its performance under application of external
stimuli on the proper time scale (applicative ensemble), and in the final state (end
use ensemble) [24]. In the present context we focus on gels in the preparative
ensemble.

2.1 Physical Gels in the Preparative Ensemble: Main
Processes Creating Networks

Physical gels may originate from a large number of processes able to create
junctions (Fig. 1). Each one of these processes may act alone or in synergy with
the other processes to induce the sol—gel transitions (gelations). Gelation is not a
first-order phase transition and does not lead to a state of thermodynamic equilib-
rium [16]. Instead, the kinetics of the process and the way a crosslinking process is
activated play key roles in the transition [17, 25].

As shown in Fig. 1, sol—gel transitions may be easily driven by the entangle-
ments established among the polymer chains in a semidilute or concentrated
homogeneous solution , i.e., at concentrations higher than that occupied by each
polymer coil within its own pervaded volume, corresponding to the overlap con-
centration [19]. This means that polymer random coils should overlap in order to
establish an entangled network [24] and, hence, to form a gel.

Besides entanglements, a second kind of crosslinking process leading to gelation
involves physical associations such as polar—polar interactions, ionic forces, colloid
interactions, hydrogen bonding, or complex associations such as formation of
multiple helices and/or coiled-coils in biopolymers, self-assembly with formation
of micellar aggregates in amphiphilic block copolymers, and so on.

As shown in Fig. 1, gelation may be also driven by phase transitions as for
instance crystallization. Under specific conditions, formation of crystals from a
homogeneous solution can give rise to junctions and then to a gel. This happens, for
example, with poly(vinyl chloride) [15], isotactic polystyrene, polyethylene [15,
26-31], and many other polymers [32]. In these gels, the junctions are constituted
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Physical processes creating junctions
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Fig. 1 Different processes able to produce a network and therefore a physical gel, and their
possible correlations [17]

by small fringed micelle-like crystals or chain-folded lamellae, while the connec-
tivity is ensured by portions of chains connecting the crystallites throughout the
macroscopic samples, swollen by the solvent.

Finally, gels may be also generated through a liquid—liquid (LL) phase separa-
tion, or a combination of LL phase separation and crystallization, as we shall see in
Sect. 2.2 [17, 25].

Regardless of the kind of process, gelation involves complex mechanisms and
the gradual formation of junctions [16, 19]. As long as these junctions form
aggregates of small dimensions, the system is still a sol (Fig. 2a). Gel is formed
when the concentration of junctions reaches a threshold value, so that at least a
single aggregate having infinite size is created, that is, aggregates having the same
size as the macroscopic sample (Fig. 2b). Above this threshold value some sol
(aggregates of finite size, indicated with an arrow in Fig. 2b) may still survive, and
these aggregates end up connected to the gel only in the later stages of the process.
This is in essence the (site) percolation model [16, 19].

2.2 Metastability and Sol-Gel Transitions

In order to better understand the mechanism of formation of a 3D network, and then
a gel, via a gradual crosslinking (both physical and chemical) process according to
the percolative scheme shown in Fig. 2, we need to emphasize that, regardless of the
processes involved in the creation of junctions, these processes compete with
gelation [16, 17, 25]. As a result of this competition, the process is arrested at an
intermediate level instead of proceeding to completion, so that the system does not
attain the ultimate thermodynamically stable state, but reaches a state far from
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Fig.2 Scheme of percolation in a two-dimensional network [16, 19]. Only ~72 % of the sites are
occupied by “particles” able to form a junction. Each particle may form 1-4 junctions with a first
neighboring particle. Empty balls correspond to unbound particles, filled balls are the particles
connected with at least one first neighbor. (a) Sol: The fraction of particles that have created a
junction is below a threshold value. (b) Immediately above this threshold, we have an aggregate of
infinite dimensions (i.e., the aggregate is of the same size as the macroscopic sample) swollen by
the solvent, unreacted particles, and aggregates of finite dimensions (indicated by an arrow). (c)
Gelation progresses to include all particles

equilibrium [17, 25]. This means that, although gels are often quite long-living with
respect to the lifetime of an experiment, they are usually in a metastable state [17,
25]. For instance, in the framework of the percolation model shown in Fig. 2, for
crystallization-driven gels, when the number density of crystallites that gradually
form in a solution achieves a threshold value, they give rise to a percolative network
extending all over the macroscopic sample, with consequent formation of a gel.
Simultaneously, the crystallization process is arrested at an intermediate state far
from equilibrium, namely, corresponding to a metastable state. This mechanism is
valid for any process able to form junctions [17, 25].

The formation of a gel and the concept of a gel as a metastable state of matter fits
quite well with the Ostwald “stage rule” [33]. This rule was formulated at the end of
the nineteenth century and states that “a phase transformation from one stable state
to another proceeds via metastable states, whenever such states exist, in stages of
increasing stability.” Although this rule does not explain why phase transitions
evolve in this ways, it is considered an intrinsic property of matter.

A metastable state of matter is a state that can exist on the basis of the laws of
thermodynamics and is stable with respect to infinitesimal fluctuations, yet it does
not represent the state of ultimate stability. In Fig. 3, the free energy, F, is reported
as a function of an “order parameter” (®). It is apparent that both metastable (M)
and ultimate stable (E) states are such that the first derivative of F' with respect to
(@), dF/d(®), is equal to zero, and the second derivative (d°F/d(®)?) is positive.
Evolution from the metastable state M to the equilibrium state E needs activation,
AF. Although a metastable state will evolve to an equilibrium state sooner or later,
its lifetime may be longer than the timescale of the experiment [17, 25].

At this point, it is important to introduce two different classes of metastability:
classical metastability and circumstantial metastability [25].

A kind of classical metastability occurs in the case of thermodynamic phase
transitions, as for instance in the case of an LL phase separation. Here, the order
parameter (@) may be identified with the polymer concentration. Fig. 3 states that at
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Fig. 3 Scheme of a
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function of the order
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from the metastable state
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a given concentration (and temperature) a solution in a state of metastability M may
reach the equilibrium state E corresponding to phase separation, only by crossing a
barrier AF able to create nuclei of the two phases. The nuclei, once formed, grow,
thus decreasing the free energy and the system reaches the ultimate state of
thermodynamic equilibrium at its own pace.

The concept of circumstantial metastability [25] comes into play in the case of
gels. Here, the order parameter (&) may be identified with the gel fraction, i.e., the
fraction of “particles” (i.e., molecules, bonds, chains, portion of chains, etc.) in
Fig. 2 attached to a macroscopic aggregate during its development. If we assume
that all particles have a functionality of 4 in the square lattice of Fig. 2, each particle
is expected to form a connection with all particles located in the first neighboring
sites in the final state. However, in the configuration of Fig. 2c it is evident that
some particles are connected with only two or a maximum of three of the available
first neighboring particles. Therefore, the system in Fig. 2c is far from equilibrium;
it is in a metastable state, and can attain a state of lower free energy only by crossing
a thermodynamic barrier. The reason why it may assume a frozen-in configuration
such as that in Fig. 2c can be explained by kinetics. Some agency able to create
metastability comes into play [25], reducing the “reactivity” of the particles and
freezing the gel in that configuration. The nature of the agency able to create a
metastable state in a sol-gel transition could be the presence of impurities blocking
the functionality of some particles, the high viscosity achieved by the system at
onset of gelation, the temperature, and many other factors.
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2.3 Role of Phase Separations in Gel Formation

The arguments of Sect. 2.2 mean that two specific conditions must be fulfilled in
order for a phase transformation to lead to a macroscopic network of junctions and
thus to a gel [17]: first, the phase transformation must be incomplete and, second, it
must stop wherever connectivity has been established throughout the whole mac-
roscopic sample.

The first condition is driven by thermodynamics, but it is always controlled by
the kinetics of the process through some kind of agency able to create metastability
[25]. Because of this agency, the system fails to attain its ultimate stability
(corresponding to completion of the process) and is arrested in one of the multiple
minima of the free energy profile with respect to the order parameter (@) (Fig. 3).

The second condition is a geometric factor and it is not related to the process, but
represents the condicio sine qua non for obtaining a gel. It is worth noting that the
connectivity can be established either by individual chain molecules or by a
continuity of microphase separated domains, or by a combination of both kinds
of associations [25]. As a consequence, a large variety of morphologies may be
obtained, depending on the chemical nature of the polymer, the kind of solvent, the
initial polymer concentration, the gelation temperature, the rate of cooling/heating
to this temperature, and so on.

Although application of the above general concepts to understand physical
gelation is, at least on a qualitative ground, straightforward in the case of crystal-
lization, it is more tricky in the case of LL phase separations.

LL phase separation may play a key role in the gelation of some noncrystalline
polymers such as atactic polystyrene (a-PS) [34—-36]. For a-PS, the physical junc-
tions are not crystals and there are no specific interchain interactions, yet a-PS can
form gels. Arnauts and Berghmans were the first to explain the gelation of a-PS in
terms of LL phase separation combined with vitrification [36]. In this case, vitrifi-
cation acts as the agency responsible for arrest of the LL phase separation, and locks
the system in a metastable state.

This mechanism is illustrated in Fig. 4a, where the phase behavior of a polymer
solution featuring an upper critical solution temperature (UCST) behavior at T is
shown as an example, with T, being the critical temperature. Curve b in Fig. 4 is the
binodal, i.e., the curve delineating the concentration of the polymer-rich and
polymer-poor phases in equilibrium at each temperature. The LL phase separation
occurs at temperatures below the binodal, in any case at temperatures below the 7.
In Fig. 4, the curve s represents the spinodal, which is the ultimate thermodynamic
limit of stability for homogeneous solutions. Below this curve, homogeneous
solutions are unstable and undergo phase separation due to the effect of infinites-
imally small fluctuations in composition and density (spinodal decomposition). For
concentrations that fall in the region between the spinodal and binodal, homoge-
neous solutions are in a (classical) metastable state, that is, they are stable with
respect to concentration and density fluctuations, and undergo phase separation by a
free-energy-activated process involving nucleation and growth. Finally, curve g in
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Fig. 4 Schematic phase diagrams of a polymer solution showing LL phase separation with UCST
behavior. Curve s is the spinodal, curve b is the binodal, and curve g is the glass transition
temperature as a function of polymer concentration. BP indicates the Berghmans point. (a) LL
phase separation is the only thermodynamic transformation of the system [17, 25, 36]. (b) Curve ¢
shows the crystallization temperature of a polymer fully miscible in a solvent as a function of
concentration in the solution [17, 25]. The LL phase coexistence curve (combined with vitrifica-
tion) is a (classical) metastable process that lies beneath the crystallization curve c. In route /, a
polymer solution is supercooled at ATy, and the only active process is polymer crystallization. In
route 2, the initially homogeneous solution is supercooled to a larger undercooling than AT
namely AT,. Crystallization may compete either with LL phase separation when reaching point C,
or LL phase separation coupled with vitrification when reaching point D. At C, crystallization may
take place in the polymer-rich phase. At D, both LL phase separation and crystallization may
become arrested by vitrification

Fig. 4 represents the dependence of the glass transition temperature Ty, on the
polymer concentration. Because T, of the pure polymer decreases by addition of the
solvent, curve g intersects the binodal at the point BP, named Berghmans point after
Hugo Berghmans [36].

Starting from a homogeneous polymer solution with concentration C,, the LL
phase separation sets in by decreasing the temperature below T, for instance, at
temperature 7. The tie line (isotherm) intersects the binodal at points A and B (see
Fig. 4), and these points define the concentrations of the polymer-poor and
polymer-rich phases in equilibrium at 7';, originating from the LL phase separation.

We recall that, regardless of the exact mechanism leading to phase separation
(spinodal decomposition or nucleation and growth), the ultimate stable morphology
obtained upon de-mixing should correspond to a two-layered liquid in order to
minimize the specific interfacial area [37]. Spinodal decomposition is driven by
spontaneous barrier-free composition fluctuations, so that, since the beginning and
during the transient stages of the transformation, the morphology is characterized
by a kind of a bi-continuous network of the two phases. By contrast, in the case of
nucleation and growth, droplets of one phase are formed in the continuous matrix of
the other phases before reaching macroscopic segregation. Therefore, during the
de-mixing process a gamut of morphologies develops, gradually leading to the
coalescence of the small domains of the two phases into increasingly bigger
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domains, up to the ultimate layered morphology. The transient morphologies
depend not only on the initial concentration and temperature, which in turn define
the relative amount of the two phases in equilibrium based on the lever rule [19],
but also on the degree of evolution of the phase separation and, hence, on the time
of observation [25].

At temperatures lower than T, the intersection point B shifts towards higher
concentrations up to reach the Berghmans point BP at T, (see Fig. 4). At this point,
the polymer-rich phase vitrifies, blocking the progress of the phase separation. A
first direct consequence of vitrification is that at and below the temperature
corresponding to BP, the system ends up in a metastable state characterized by
the same phase morphology prevailing at the stage of vitrification, instead of
attaining the ultimate thermodynamically stable state characterized by the segre-
gation of the two phases in layers [17, 25].

A second consequence of vitrification is that morphological development is
arrested and all further compositional changes cease, and the glass transition
becomes invariant with composition. If, at the moment of the arrest of LL phase
separation, the vitrified phase has become connected throughout the macroscopic
sample volume, the solution converts into a gel [17, 25]. Possible limiting mor-
phologies of these gels are illustrated as an example in Fig. 5.

Gels may also arise from a combination of LL phase separation coupled with
crystallization [17, 25]. This is a more complex situation and occurs when one or
more metastable states lie “buried” beneath the state of ultimate stability in the
phase diagram [17, 25]. A hierarchy of metastability arises in this case due to the
possibility of several metastable phases. These metastable phases, once formed, can
evolve faster than the transition leading to the ultimate stable phase and can
dominate the whole transformation process.

As an example, Fig. 4b illustrates the case of a fully miscible polymer solution,
in which polymer crystallization takes place at equilibrium values of temperatures
delineated by the curve c. Hence, for this system, at temperatures below the curve c,
the crystalline state corresponds to the state of ultimate stability. However, the
system in Fig. 4b also displays a metastable LL phase separation, as indicated by
curve b, lying below the crystallization curve c. Also shown is the glass transition
temperature T, of the polymer as a function of polymer concentration intersecting
the binodal at the Berghmans point BP. A first set of metastable states may arise
because of the high undercooling AT that is generally required for crystallization to
take place at practical rates. Besides crystallization, other sets of metastable states
may also arise for this system, depending on the undercooling, according to a
hierarchy. Such scheme fits quite well what occurs in the case of poly(phenylene
ether) in cyclohexanol, as an example [38]. In Fig. 4b, route 1 shows that, starting
from an initially homogeneous solution, crystallization takes place at low
undercooling AT if sufficient time is allowed. At low undercooling, only crystal-
lization takes place. In route 2, the undercooling AT is larger than AT and crosses
the binodal. Depending on the magnitude of the undercooling, either de-mixing
occurs first and crystals are formed in the polymer-rich phase (point C) or the
polymer-rich phase vitrifies at and below the Berghmans point (point D), and both
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Fig. 5 Three typical frozen-in morphologies of gels obtainable by LL phase separation
interrupted by vitrification: (a) Molecularly connected morphology comprising glassy spheres of
the polymer-rich phase connected by isolated solvated chains. (b) Bi-continuous two-phase
morphology. (¢) Continuous glassy phase including droplets of the polymer-poor phase. The
polymer-rich phase is gray, the solvent-rich phase is white. In b, the connectivity of the two
phases could only be represented in two dimensions. For crystallizable polymers, the physical
crosslinks in a—c may also be small crystallites, either in the shape of chain-folded lamellae or
fringed micelle-like aggregates

de-mixing and crystallization processes are arrested by vitrification. In both cases,
gels may be formed only if the degree of connectivity in the polymer-rich phase
achieves a threshold value. Furthermore, regardless of undercooling depth, the
above hierarchy of metastability may become accessible only if the initial homo-
geneous solution is cooled to the target temperature at high rates. For low cooling
rates, crystallization is likely to occur during the cooling process before the
attainment of binodal and/or vitrification. In route 1 of Fig. 4b, homogeneous
gelation may take place if small crystallites are formed that are well interconnected
all over the macroscopic sample by well solvated tie chains (as shown in Fig. 5a),
the difference being that the amorphous nodules are replaced by chain-folded
lamellae or fringed micelle-like crystals. By contrast, the structures of gels that
are likely to result from route 2 of Fig. 4b are porous and heterogeneous (as shown
in Fig. 5b, c). They consist of two bi-continuous phases meandering around each
other, namely a polymer-rich and a polymer-poor phase. In these gels, the regions
of the polymer-poor phase act as pores and allow small and large molecules to
diffuse, whereas the polymer-rich regions are heterogeneous and include an amor-
phous phase swollen by the solvent and small crystals or glassy nodules of the
polymer. The chains in the amorphous phase connect the crystallites and/or the
glassy nodules constituting the physical crosslinks of the 3D macroscopic network
of the gels.
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3 Poly(Vinyl Alcohol) Hydrogels

PVA is one of the most studied gel-forming polymers and is able to give rise to a
large variety of gels of widespread interest, using several kinds of solvents and
under a large variety of preparation/processing conditions [1]. Confining our
attention to PVA hydrogels, it has been shown that aqueous solutions of PVA can
form gels under several conditions and that the properties of the resultant systems
are largely dependent on the structure fixed by the preparative route.

In this section, after a brief discussion of the principal categories of PVA
physical hydrogels in general, the PVA hydrogels obtained by cryogenic treatments
are treated in detail.

3.1 Crystal Structure of PVA

PVA is an atactic polymer obtained by free radical polymerization of vinyl acetate
and successive hydrolysis. The hydrolysis of poly(vinyl acetate) (PVAc) does not
convert all the acetate groups into hydroxyl groups, but gives rise to PVA polymers
with a partial degree of hydrolysis that depends on the extent of the reaction.

The properties of PVA are strongly influenced by the degree of hydrolysis
[39]. For instance, the water solubility of PVA depends on the degree of hydrolysis
and the molecular weight [12]. The higher the degree of hydrolysis of PVA grades,
the lower the corresponding PVA solubility. Residual acetate groups in partially
hydrolyzed PVA improve water solubility by disrupting polymer—polymer inter-
and intrachain hydrogen bonding between hydroxyl groups and, consequently,
promote polymer—solvent interactions [12]. In highly hydrolyzed PVA grades, the
water solubility decreases due to unhindered formation of polymer—polymer
interchain and intrachain hydrogen bonds between the pendant hydroxyl groups,
so that establishment of effective interactions of PVA chains with the solvent are
prevented.

In spite of the lack of stereoregularity, atactic PVA is a semicrystalline polymer
[40, 41]. The crystal structure of PVA was resolved in 1948 by Bunn [41]. It is
characterized by chains in a trans-planar conformation, packed in a monoclinic unit
cell with @ = 7.81 A, b = 2.52 A (chain axis), ¢ = 5.51 A, and B =91.7° (see
Fig. 6).

The arrangement of chains inside the crystals can be described as consisting of
double layers of chains running parallel to the bc-plane, and stacked along the a-
axis. These double layers are defined by the hydrogen bonds established between
the hydroxyl groups belonging to first adjacent chains facing along a. Consecutive
double layers establish only weak van der Waals interactions. The degree of
stereoregularity of PVA significantly affects the crystallizability, and atactic PVA
is more easily crystallized than the isotactic and syndiotactic counterparts [1, 12].
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c-Projection b-Projection

Fig. 6 (a,b) Model of the crystal structure of atactic PVA, proposed by Bunn [41] in the c-axis (a)
and b-axis (b) projections. Dotted lines represent hydrogen bonds established between the
hydroxyl groups belonging to adjacent chains along the a-axis within a double layer. The unit
cell is indicated by dashed lines. Since PVA is atactic, the occupation factors of —OH groups is %2
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Fig. 7 X-ray powder diffraction profile of crystalline PVA. The 101 and 101 reflections at
20 = 19.4° and 20°, respectively, are indicated [42]. (Reproduced with permission from
[42]. Copyright 2004 by American Chemical Society)

The melting temperature of PVA ranges between 220 and 240 °C. The glass
transition temperature is 85 °C in dried PVA samples [1], and decreases with the
amount of water adsorbed by PVA due to plasticization effects. For instance, the
glass transition temperature of PVA containing 10 wt% of water is ~37 °C.

The wide angle X-ray (WAXS) powder diffraction profile of crystalline PVA is
reported in Fig. 7 [42]. A strong peak at d = 4.68 A (20 = 19.4°) and a shoulder at
d = 4.43 A (20 = 20°) are present, corresponding to the 101 and 101 reflections,
respectively, of the monoclinic unit cell [41].
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3.2 PVA Physical Hydrogels

The formation of physical gels from water solutions of PVA has been widely
studied. In fact, it is well known that aqueous PVA solutions undergo gelation
upon cooling. In these gels, the physical cross-links are generally fringed micelle-
like PVA crystallites. In particular, Komatsu et al. [43] found that the phase
diagram of this system shows an upper critical solution temperature (UCST), and
that the spinodal curve crosses the sol-gel transition curve. This phase diagram is
redrawn in Fig. 8.

It is apparent that gelation takes place both below and above the spinodal curve,
indicating that gels may be formed either accompanied by spinodal decomposition
or without liquid-liquid phase separation, respectively [43]. In both cases, crystal-
line gels are formed where small crystals of PVA in the monoclinic form [40, 41]
act as junctions [43, 44]. Statistical gels having a homogeneous structure are formed
in the temperature—concentration region above the spinodal; however, the supra-
molecular structure of the hydrogels that develop in the temperature—concentration
region below the spinodal is considerably different and more heterogeneous than
the structure of the statistical gels [17, 24, 25, 43]. As discussed in Sect. 2, the
development of an interconnected structure in the polymer-rich phase formed by
spinodal decomposition is not necessarily the origin of gelation [17, 25]. In fact, in
order to have a gel some agency should come into play to arrest PVA crystallization
and/or LL phase separation at an intermediate stage, creating circumstantial meta-
stability [25]. In the case of PVA, the network structure may be easily created by
occurrence of LL phase separation, which arrests crystallization, and/or vitrification
that arrests both crystallization and LL phase separation (Fig. 5b). Since the glass
transition of dry PVA is equal to ~85 °C and is lowered to ~37 °C by the presence
of ~10 wt% water, LL phase separation of aqueous solutions of PVA are likely to
occur below the Berghmans point [17, 25]. This means that PVA hydrogels formed
below the spinodal may correspond to metastable frozen-in configurations affected
by vitrification. Whatever the exact mechanism of gelation of PVA, the physical
junctions of the macroscopic network are not only PVA crystallites, but also
entanglements and hydrogen bonds.

Formation of physical gels from aqueous PVA solutions may also occur by
impairing the thermodynamic quality of the solvent as a result of the introduction of
nonsolvent additives [4, 5, 45]. However, in all cases, the so-obtained thermore-
versible PVA gels possess low melting temperatures (7, < 3040 °C), low
mechanical strength, and they are not able to retain their size and dimensions for
a long time.

Attempts to make stronger physical hydrogels of PVA include induction of
crystallization through dehydration at a slow drying rate [1, 46] and/or fast drying
rate procedures such as annealing, under different conditions [1, 47]. The presence
of crystals in physical hydrogels of PVA generally results in better mechanical
properties than in PVA gels prepared through chemical or radiation-induced
techniques.
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Fig. 8 Sol-gel transition
curve, spinodal, and binodal
of water/PVA binary system
(redrawn from [43]). The
left arrow indicates the
glass transition temperature
of 37 °C relative to a PVA
sample that had not been
dried before DSC
measurement and contained
~10 wt% water.
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3.3 PVA Cryogels

In water/PVA systems, gelation may also be induced by cryogenic treatments, i.e.,
at temperatures where the formation of ice crystals takes place [1-7]. Cryogelation
was introduced at the beginning of the 1970s as a new technique for the preparation
of PVA physical hydrogels having improved mechanical properties [2, 48] with
respect to those obtained using more conventional methods. As already stated in the
“Introduction,” this cryogenic process consists in submitting a PVA aqueous
solution to repeated cycles of freezing at subzero temperature (T < —4 °C) and
thawing to room temperature. In PVA hydrogels prepared by the freeze—thaw
technique and having a rather high PVA content, the junctions in the stable
supramolecular network are crystallites [1, 49].

Peppas made the first attempts to understand the freeze—thaw process of PVA
solutions to form hydrogels by performing turbidimetric measurements [1,
2]. Peppas studied the gelation mechanism on water solutions with PVA content
in the range 2.5-15 wt%, frozen at —20 °C for 45-150 min, and then thawed at
23 °C for long periods of time (up to 12 h). He explained the appearance of turbidity
after freezing in terms of a partial crystallization of chain segments into microcrys-
talline aggregates. Moreover, Peppas demonstrated that crystallinity increases with
increasing freezing time as well as with increasing PVA concentration [2].

Yokoyama and coworkers [49] performed X-ray diffraction experiments on
PVA hydrogels. The X-ray diffraction patterns of these gels showed the presence
of crystalline reflections. However, a deeper analysis of diffraction data was not
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carried out because of the very low crystallinity in these systems and the presence of
a broadly diffuse scattering due to the water [1, 49].

Watase and Nishinari [8] examined PVA hydrogels obtained by freeze—thaw
cycles (—20 °C for 11 h, followed by 15 °C for 7 h), starting from an aqueous
15 wt% PVA solution. PVA specimens used were of five different degrees of
hydrolysis, ranging from 96.0 up to 99.9 mol% hydrolyzed acetate groups. In this
study, the PVA gel samples were immersed in water for 4 days before the analysis.
The authors [8] reported X-ray diffraction patterns for PVA gels in the stretched
and unstretched states. The X-ray diffraction profiles exhibited a halo characteristic
of amorphous materials at 260 = 26-27° and a weak crystalline peak at about
20 = 19.5°, corresponding to a d spacing of 4.53 A. This characteristic crystalline
peak was not observed for gels with a rather low degree of hydrolysis of PVA
(96.0 mol%) stretched at low deformation, but it appeared at draw ratios higher than
five times the initial length. The differential scanning calorimetry (DSC) thermo-
grams of the PVA hydrogels showed an endothermic peak at about 60 °C, attributed
to the disentanglements of flexible molecular chains. Another endothermic peak at
higher temperature was found for all samples except for the sample prepared with
PVA at the lowest degree of hydrolysis. This second peak was considered to be
due to the melting of crystalline regions. The authors concluded that repeated
freeze—thaw cycles as well as stretching increase the degree of crystallinity and
that the elasticity is strongly affected by the latter parameter [8]. In a following
study on PVA hydrogels obtained by freeze—thaw cycles, the same authors [50]
pointed out by rheology, DSC, and X-ray analysis how slight differences in the
degree of hydrolysis may significantly change the gel structure. They showed that
the presence of bulky acetate groups can inhibit the formation of PVA gels [50].

The structure and dynamics of PVA hydrogels obtained by freeze—thaw cycles
have been studied by '>*C NMR and 'H pulse NMR methods [51—54]. Kobayashi
et al. [51, 52] used high-resolution solid-state 13C NMR experiments to show the
role of intermolecular hydrogen bonds in the formation of PVA hydrogels through
the formation of interchains crosslinks. The hydrogen bonds can be studied by
observing the methine carbon lines in the immobile regions of gels; the lines can be
assigned to carbons involved in two, one, and no hydrogen bonds [55]. The
hydrogen bonds in the crosslinked region in PVA gels have the same NMR
characteristics as those observed in the solid neat PVA. From such evidence, it
was concluded that microcrystallites are formed in PVA gels.

As an example, the X-ray powder diffraction profiles of freeze-thaw PVA
hydrogel samples are reported in Fig. 9 after subtraction of a straight baseline,
approximating the background contribution. These gels were obtained by
subjecting a 11 wt% aqueous solution of PVA to a different number of consecutive
cycles consisting of a freezing step (20 h at —22 °C) followed by a thawing step (4 h
at 25 °C) [42]. The as-formed PVA hydrogels obtained by one to nine freeze—thaw
cycles are denoted as GEL-1 to GEL-9 samples. For comparison, the diffraction
profile of pure water is also shown in Fig. 9.
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Fig. 9 X-ray powder diffraction profiles of freshly prepared PVA cryogels (samples GEL-n)
obtained by different numbers n of freeze—thaw cycles (solid lines). The X-ray diffraction profile
of liquid water is also shown (dashed lines). The 101 and 101 reflections of PVA crystals in the
monoclinic form, in the 26 range 18-21°, are shown in gray. In the case of GEL-1, the crystalline
reflections are evidenced in the inset at an enlarged scale. (Reproduced with permission from
[42]. Copyright 2004 by the American Chemical Society)

The diffraction profiles of these gels may be considered as arising from the sum
of three contributions: a large contribution (region A1) derived from the pure water
or a polymer-poor phase (dashed line), a small diffraction component in the range
18-21° derived from crystalline aggregates of PVA (region A2), and a third
contribution (region A3) derived from the amorphous PVA phase swollen by the
solvent (see Fig. 9). Therefore, at least three phases coexist in these gels: a polymer-
poor phase consisting of almost pure solvent, PVA crystallites, and swollen amor-
phous PVA. It is apparent that the largest contribution to the X-ray diffraction
scattering is due to water, whose relative amount is =88 % in the case of GEL-1 and
gradually decreases with increasing number of freeze—thaw cycles, reaching the
value of =85 % in the case of GEL-9 [42]. However, in all cases, the presence of
101 and 101 Bragg reflections of PVA crystals in the monoclinic form, in the 26
range 18-21°, is the hallmark that PVA cryogels are crystalline.

The presence of crystals in PVA cryogels has been confirmed by numerous
techniques, including 'H NMR free induction decay experiments, and DSC analysis
[56, 57].

In Fig. 10, the fractions of crystalline PVA with respect to the total amount of
PVA in the crystalline and swollen amorphous phases, obtained by X-ray powder
diffraction analysis, f.(XR) [57], are reported as a function of the number of freeze—
thaw cycles for the as-formed PVA hydrogels. They are compared with the frac-
tions of crystalline PVA with respect to the total amount of PVA in hydrogels, as
determined by DSC, f.(DSC) [42, 57], and the fractions of rigid protons calculated
from 'H free induction decay experiments, f.(NMR) [56, 57]. In all cases, the
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Fig. 10 Fraction (%) of crystalline PVA with respect to the total amount of PVA in the crystalline
and swollen amorphous phases, obtained by X-ray powder diffraction analysis, fc(XR) (diamonds)
[42]; fraction of crystalline PVA with respect to the total amount of PVA in hydrogels, determined
by DSC, fe(DSC) (squares) [57]; and fraction of rigid protons, calculated from 'H free induction
decay experiments, fc(NMR) (triangles) [56, 57], as a function of the number of freeze—thaw
cycles (n) for the as-formed PVA hydrogels. (Reproduced with permission from [57]. Copyright
2004 by the American Chemical Society)

cryogels were obtained using the same protocol, starting from a D,O solution of
11 wt% PVA. It is apparent that the percentage of rigid PVA protons f.(NMR) and
the values of f.(XR) are in good agreement. They both increase with increasing
number of freeze—thaw cycles, from a value of 2.5 % up to a nearly plateau value
after about five cycles. In particular, for GEL-9 the degree of crystallinity is around
67 %. The values of f.(DSC) show the same plateau behavior after five freeze—
thaw cycles, even though they are systematically lower than the values of
f:(XR) and f.,(NMR). This is due to the fact that, as a result of the small size of
crystallites in PVA hydrogels and the presence of large amounts of water, in the
DSC heating curves of these gels there is a strong overlap between the endothermic
transition due to the melting of PVA crystals and exothermic phenomena due to
PVA solubilization and solvation (or even recrystallization) [57].

More sophisticated NMR techniques have been also applied to measure the
crystallinity in PVA cryogels [58]. For instance, pulsed mixed magic-sandwich
echo sequences have been applied in a low-field NMR spectrometer [58]. This kind
of pulse sequence provides near-quantitative refocusing of the rigid contribution to
the initial part of proton free induction decay [58], allowing for a more quantitative
determination of crystallinity in these gels. The results so obtained essentially
confirm those shown in Fig. 10.
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3.4 Structure of PVA Cryogels at Different Length Scales

The three-phase model adopted to describe the fraction of crystalline PVA in
freeze—thaw hydrogels from X-ray diffraction analysis is in agreement with numer-
ous studies.

For instance, in 1986, Yokoyama et al. investigated the morphology and struc-
ture of PVA freeze—thaw hydrogels (5—-15 wt% of PVA), using a variety of
techniques including X-ray diffraction, scanning electronic microscopy (SEM),
and light optical microscopy [49]. They showed, by SEM analysis, that these gels
have a porous structure, where the pore size increases from approximately 1 to
10 pm as the polymer concentration decreases from 15 to 5 wt%. They proposed a
three-phase model to describe the porous structure of these gels (Fig. 11). The
model consists of a water phase with a very low PVA concentration, an amorphous
phase in which each PVA chain is swollen by water, and a PVA crystalline phase
that partially prevents the motions of the amorphous chains. According to this
model, the pores are mainly occupied by a polymer-poor phase that forms an
interconnected continuous network, meandering through polymer-rich regions.
The ice crystals are accommodated in the polymer-poor phase during the freezing
step. The polymer-rich regions, in turn, are interconnected and build up the 3D
network scaffold of the gels delimiting the pores. These regions consist of a swollen
amorphous phase and PVA crystallites where the amorphous portions of chains
connect the crystalline domains acting as junctions. Formation of the crystalline
crosslinks ensures high dimensional stability and gives elastic properties to these
gels.

The porous structure of PVA hydrogels is already imprinted in the first freeze—
thaw cycle. This was shown by Fergg et al., using confocal laser scanning micros-
copy (CLSM) in the fluorescent mode [59], in the case of PVA hydrogels obtained
by imposing a single freeze—thaw cycle (—15 °C for 24 h, then room temperature
for 3 h). The advantage of using CLSM is that water does not need to be removed
from hydrogels prior to examination. In the case of SEM analysis, dehydration
procedures are always required before performing the observations, with the con-
sequent drawback that the native morphology of gels might be significantly altered.
Selected CLSM micrographs (extracted from [59]) of PVA hydrogels are shown in
Fig. 12.

The pore or mesh size in these cryogels increases from ~2 to 7 um with
decreasing PVA concentration. The CLSM analysis also indicates a tight intercon-
nection of the pores all over the macroscopic samples, a uniform size of pores in the
bulk, and no preferential structural orientation [59].

The complex architecture of PVA hydrogels, which includes a polymer-poor
phase filling the pores and interconnected polymer-rich regions building the 3D
network, made up by crystalline crosslinks connected by PVA chains belonging to
the swollen amorphous regions (Fig. 11), has also been confirmed by small angle
neutron scattering (SANS) measurements. Typical SANS profiles from as-formed
PVA hydrogels obtained by subjecting a deuterated water solution of 11 wt% PVA
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Fig. 11 Structural model of the porous structure for PVA hydrogels prepared by repeated freezing
and thawing cycles [49]

to one (GEL-1) and nine (GEL-9) consecutive freeze—thaw cycles (20 h at —22 °C,
then 4 h at 25 °C) are shown in Fig. 13 [60]. The SANS profile of the initial
homogeneous solution is also shown in Fig. 13a.

It is apparent that the scattering cross-section profile (do/d€) from the
homogeneous PVA solution denotes the presence of small scattering objects,
essentially corresponding to individual chains of PVA with a Gaussian coil con-
formation (Fig. 13a). This curve is different from those of PVA GEL-n samples,
indicating that PVA chains and solvent molecules are highly organized in these
gels. In the SANS profiles of the gels, three different regions can be distinguished:

1. Aregion at low g values (¢ < 0.09 nmfl), where ¢ = 47/(4 sinf). In this region,
the scattering cross-section exhibits an upturn, which is not present in the SANS
curve of the initial homogeneous solution. In this zone, the data reflect a
supramolecular organization, which has been associated with the presence of
two separated phases constituted of polymer-rich and polymer-poor regions.

2. A region at intermediate ¢ values (0.09 < ¢ < 0.35 nm™"). In this region, an
inflexion point is present at ¢*, which gives the average distance L between the

scattering crystallites, where L ~ 27 / g In all gel samples, this inflexion point
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Fig. 12 (a—c’) Confocal laser scanning microscopy (CLSM) images of PVA hydrogels obtained
by imposing a single freeze—thaw cycle on initial water solutions of PVA containing poly(ethylene
glycol) PEG-600 of weight composition PVA/PEG/water 8/10/90 (a, a’), 12/10/90 (b, b’), and
16/10/90 (¢, ¢'). All samples were examined after washing out PEG-600 and after addition of
5-dichlorotriazine fluorescein as fluorochrome. Images of bulk structures were taken at 10 pm (a,
a’) and 15 pum under the surface (b, b, ¢, ¢/) at two different magnifications as indicated
[59]. (Reproduced with permission from [59]. Copyright 2001 by Springer)
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Fig. 13 SANS data from freshly prepared PVA cryogels (samples GEL-r) obtained by subjecting
a deuterated water solution of 11 wt% PVA to (a) one (GEL-1) and (b) nine (GEL-9) consecutive
freeze—thaw cycles (20 h at —22 °C, followed by 4 h at 25 °C). Data from the initial PVA solution
(V) used for gel preparation are included in a. do/df2 is the scattering cross-section and ¢ is the
scattering vector, where g = 4z/(4 sind), with € being one half of the scattering angle.
(Reproduced with permission from [60]. Copyright 2002 by the American Chemical Society)

occurs at ¢* ~ 0.03 nm ', indicating a distance between crystallites of the order

of 20 nm.
3. A region where 0.35 < ¢ < 0.8 nm™ . In this zone, the scattering cross-sections

decrease with a power law do/dQ>4 D, where the value of D depends on the
number of cycles. More precisely, D ~ 2 for GEL-1 and D ~ 3 for GEL-9.
Provided we are looking in this region at the boundary structure between two
phases, possibly the crystallites and the swollen amorphous phase, we may apply
the surface fractal concept to the function do/d<2. According to this concept, the
exponent D is related to the surface fractal dimension d; in a d-dimensional
space, through D = 2d — d,. For example, in 3D space, d; ranges from 2 to
3, corresponding to a range of D from 4 to 3. If the boundary were smooth,

4
Porod’s law (da/ de>q ) would be observed. For our PVA gels, values of

D less than 4 suggest that the boundary is not smooth, due to some degree of
interpenetration between the amorphous and crystalline phases at the interface.

From the analysis of SANS data [60], an average size of PVA crystallites equal
to about 3 nm could be established, in good agreement with the coherence length of
crystallites determined from the width at mid-height of 101 reflection in the X-ray
diffraction profiles of these gels (Fig. 9) by applying the Scherrer formula [42].

The hierarchical structural model emerging from microscopic, WAXS, and
SANS investigations of PVA cryogels is shown in Fig. 14.

According to this model, PVA chains and solvent molecules in these gels are
organized over different hierarchical length scales. At the micrometer length scale,
two bi-continuous phases meandering around each other co-exist, consisting of
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Fig. 14 The bi-continuous Polymer poor regions
structure of PVA hydrogels

obtained by freeze—thaw
cycles with a PVA-rich
phase and a PVA-poor
phase. The fine structure of
the polymer-rich region,
including PVA crystallites
and a swollen phase, is also
indicated
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polymer-rich and polymer-poor regions [4—6, 60, 61]. The polymer-rich regions
(of average dimensions on the order of micrometers) [60] include crystallites of
PVA of size equal to 3—4 nm [42, 60] and a swollen amorphous phase. The average
distance between crystallites is on the order of 10-20 nm [60]. The polymer-poor
regions, in turn, constitute the macropores and have sizes on the order of 1-10 pm
[1, 4-6, 62, 63]. The physical crosslinks of the macroscopic network are essen-
tially PVA crystallites connected by portions of chains swollen by the solvent
[42, 57, 61].

3.5 Influence of Addition of Other Solvents

The influence of additional solvents to PVA/water solutions in the preparation of
PVA gels by the freeze—thaw technique has been studied by numerous authors.
As an example, Hyon and Ikada prepared transparent hydrogels from PVA
solutions in mixed solvents of water and water-miscible organic compounds [1,
64] such as dimethyl sulfoxide, glycerine, ethylene glycol, propylene glycol, and
ethyl alcohol. Upon cooling these solutions to subzero temperatures, the presence
of the organic solvent mixed with water prevents the PVA solution from freezing.
At these temperatures PVA crystallization takes place, giving rise to formation of
gels. The successive extraction of the organic solvent from the gels by exchange
with water provides fully hydrated gels of PVA with high tensile strength, high
water uptake, and high light transmittance. The last property is very important,
especially for contact lenses applications [65]. The mechanism of gelation and
formation of gels with increased light transmittance was explained as follows [64]:
As the homogeneous solution is cooled, molecular motions are constrained. The
consequence is that the interchain interactions of PVA, probably due to hydrogen
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bonds, are promoted to yield small crystalline nuclei. Crystallization can proceed
further as the solution remains at low temperatures for longer times. The crystallites
serve as crosslinks to hold the 3D network structure. By addition of organic solvent,
the PVA solution is prevented from freezing, even at temperatures below 0 °C. This
permits PVA crystallization to proceed without a significant volume expansion.
Therefore, the resulting gel contains pores smaller than 3 pm, giving rise to a
transparent gel [1, 64].

In the case of PVA gels prepared by freezing and thawing techniques in the
presence of ethylene glycol, Berghmans et al. suggested a two-step mechanism [66]
involving a liquid-liquid phase separation in the first step (evidenced from the fact
that the gel becomes opaque) followed by PVA crystallization in the polymer-rich
phase in the second step.

Extensive studies have also been performed on PVA gels using mixtures of
dimethyl sulfoxide and water as solvent (60/40 v/v) [67-73]. It was shown that gels
prepared by freezing below —20 °C are transparent. Their properties depend on the
ratio of dimethyl sulfoxide to water. It was also noted that gelation occurs below —
20 °C without phase separation. However, above this temperature, LL phase
separation plays an important role for the gelation process, giving rise to
opaque gels.

Kanaya et al. used wide and small angle neutron scattering and light scattering
experiments to provide extensive information concerning the structural organiza-
tion of PVA gels formed in mixtures of DMSO and water at various length scales
[67—73]. The presence of small PVA crystallites acting as crosslinks for the 3D
network of these gels was confirmed. The crystallites have a sharp surface,
presenting an average size of ~7 nm and average distance of about 15-20 nm.

Trieu and Qutubuddin also investigated the structure of freeze—thaw PVA gels
obtained from aqueous DMSO solutions [74, 75]. The authors characterized the
gels by using freeze-etching and critical point drying SEM techniques. A higher
porosity was observed at the surface than in the bulk of the gel.

It is worth noting that, regardless of the kind of solvent (pure water and/or water
mixtures with other solvents), features common to PVA gels obtained by cryotropic
treatments are the presence of a complex porous architecture that includes
macropores filled with a polymer-poor phase and meandering polymer-rich regions.
The tight interconnection of these pores allows for almost unhindered diffusion of
large and small molecules [1, 4-6, 62, 63]. The polymer-rich regions are
interconnected and constitute a biphasic 3D network consisting of a swollen
amorphous PVA phase and PVA crystallites (Fig. 14). In all cases, although
hydrogen bond interactions play a key role in creating the physical junctions of
the network, the high dimensional stability and mechanical strength achieved by
these gels is due to the presence of crystalline crosslinks. In particular, the size and
amount of PVA crystalline aggregates in freeze—thaw PVA hydrogels play impor-
tant roles in gel performance because the dimensional stability, toughness, strength
to external stresses, and thermal stability of PVA cryogels are critically dependent
on these parameters.



Kinetic Analysis of Cryotropic Gelation of Poly(Vinyl Alcohol)/Water. . . 185
3.6 Mechanism of Formation of PVA Cryogels

The mechanism of formation of the hierarchical structure of PVA cryogels featur-
ing an open porous structure is the result of the occurrence of at least three
concomitant and, at the same time, conflicting processes: crystallization of the
solvent, LL phase separation, and crystallization of PVA. At subzero temperatures,
solutions having the typical concentrations used for preparation of PVA cryogels
are below the spinodal curve shown in Fig. 8 [4-6, 43]. Therefore, during freezing
and successive permanence of the solution at subzero temperatures, a LL phase
separation may occur in addition to the crystallization of solvent and PVA. The
exact mechanism of formation of the macroporous structure (i.e., water crystalli-
zation at subzero temperatures or LL phase separation, or the concomitant effect of
both transitions) depends on a number of factors such as the cooling rate at subzero
temperatures, the use of other solvents mixed with water, the presence of additives,
and the PVA concentration [4—6].

Applying the arguments given in Sect. 2, the formation mechanism of PVA
cryogels represents a paradigmatic example of the Ostwald “stage rule” [17, 25,
33]. This means that, upon formation of these gels, a hierarchy of metastability may
arise due to the possible occurrence of several metastable phases via different
processes [17, 25]. Therefore, when a given process is arrested by an agency before
completion, the system is frozen in a phase of circumstantial metastability that,
once formed, has the potential to evolve faster than the transition leading to the
ultimate stable phase and may dominate the whole transformation process [17, 25].

Lozinsky and coworkers [4-6] suggested a general mechanism for cryotropic
gelation, which is illustrated in Fig. 15.

In this model, the initial solution (Fig. 15a), is frozen at temperatures slightly
below the solvent crystallization point, giving rise to an inhomogeneous system that
includes an unfrozen liquid microphase along with crystals of the frozen solvent
(Fig. 15b). Since the polymer (and any other additive) are generally rejected in the
unfrozen liquid microphase, the solute concentration in the unfrozen liquid
microphase is higher than in the initial solution. At this stage, a crosslinking process
(chemical or physical) may easily take place in the unfrozen liquid microphase,
leading to the formation of microgel fractions. If the regions occupied by the
microgel fraction achieve an interconnected structure, a macroscopic gel is
obtained upon defrosting. Thus, Lozinsky considered that cryogels are formed
inside these unfrozen microregions of the frozen system [4—6]. During freezing,
the crystals of frozen solvent act as a porogen and grow until they meet the facets of
other solvent crystals. Upon thawing, the system transforms into a macroporous
cryogel containing large interconnected pores with variable size and geometry
(Fig. 15c). The dimensions and shape of the pores are related to the volume of
the unfrozen liquid microphase, which depends on numerous factors such as the
nature of solvent, initial polymer concentration, the molecular weight of solutes, the
system temperature, and the presence of soluble or insoluble admixtures [4—6].



186 C. De Rosa et al.

a- Initial Il'mlr_ungcncou.\ b- Frozen system P Sm—
solution
4 lce
Polymer _1 a Ice ‘ Pore | Pore
random coil > Q unfrozen liquid @ Q Gel-network—=
(3 microphase Qq @ @P
e @ Fr Ice ha Pore
y l.'wmg Thawing )
? 8 Q Q e lee *& r:? Pore
¥ 8 ad ALY ®
8
L-4 lee @
. ® = o Pore Pore

Fig. 15 Mechanism for cryotropic gelation according to the model suggested by Lozinsky [4—
6]. During (a) freezing of an initially homogeneous solution, incomplete solvent crystallization
occurs, leading to (b) the formation of an unfrozen liquid microphase. Gelation takes place in
these unfrozen regions, forming a microgel fraction. (¢) Upon defrosting, the regions occupied by
solvent crystals give rise to the pores, whereas the regions occupied by the microgel fraction may
achieve an interconnected structure that gives rise to the macroscopic 3D network of the gels

Based on data obtained by cryogenic transmission electron microscopy (cryo-
TEM), solid-state NMR, X-ray scattering, and DSC, Willcox et al. [61] proposed a
model for PVA cryogels similar to that proposed by Yokoyama (Fig. 11) [49]. In
particular, they showed that during the first freeze—thaw cycle a few small crystal-
lites are formed (with size of about 3—8 nm), which are connected in an irregular
porous network by amorphous chains highly swollen by the solvent. They found
that the average crystal—crystal distance (mesh size) is ~30 nm. Upon aging these
gels, or by subjecting them to a second freeze—thaw cycle, the level of crystallinity
increases, whereas the crystallite size and the mesh size remain nearly constant.
This suggests that the formation of secondary crystallites does not affect the
network connectivity. Cryo-TEM observation of these gels essentially confirmed
the presence of pores located at the same mesh distance as crystallites [61]. There-
fore, Willcox and colleagues [61] point out the existence of pores sized one order of
magnitude lower than the macropores visualized in other investigations [49, 59]
(Fig. 12). We infer that these pores are formed inside the polymer-rich regions and
coexist with the macropores. The possible mechanism of formation of these gels,
involving dendritic ice crystallization and possibly spinodal decomposition, are
also discussed [61].

Our group has used TR-SANS to perform extensive investigations on the
cryotropic gelation of PVA/D,0 solutions during consecutive freeze—thaw cycles
[76, 77]. Measurements have been performed on solutions of 5.03, 10.11, and
14.22 wt% PVA, corresponding to PVA volume fractions @ of 0.042, 0.086, and
0.12, respectively. In Fig. 16a, the SANS data collected during the freezing
(at —13 °C) and thawing (at 20 °C) steps are shown for a solution with PVA volume
fraction @ = 0.086 [76, 77] as an example.

The scattering cross-section increases during freezing (Fig. 16a). This increase is
essentially due to structural changes associated with the crystallization of the
water in the solution. Nearly constant values are achieved for the frozen solution
after 30 min at —13 °C (curve d in Fig. 16a). The presence of a knee at
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Fig. 16 Change in the scattering cross-section as a function of the scattering vector ¢: (a) from an
initial solution with @py, = 0.086, collected at room temperature (fgee,e = 0) (@) and after
successive freezing and permanence of the solution at —13 °C for 10 min (b), 14 min (c), and
30 min (d); and (b) from the frozen solution after 390 min at —13 °C (f.w = 0) (@) and after
successive thawing and permanence at 20 °C for 10 min (b) and 60 min (c). (Reproduced with
permission from [77]. Copyright 2008 by the American Chemical Society)

Gnee =~ 0.07 nm™"', with a power law dependence of the scattering cross-section as
do/dQ =~ g % for ¢ < Ginee and as do/dQ =~ g 37 for ¢ > Gunee (curve d in
Fig. 16a), indicates that the frozen system includes heterogeneities within the ice
matrix, corresponding to the unfrozen liquid microphase [76, 77] of characteristic
size L = 27/qnee = 75—-80 nm. The above analysis also indicates that the unfrozen
liquid microphase is organized to form fractal aggregates of dimensions above
300 nm within the ice matrix. This scenario is in agreement with the mechanism for
cryotropic gelation suggested by Lozinsky [4-6] (Fig. 15).

The solutions with PVA content @ = 0.086, and 0.12 form a gel upon defrosting
after 390 min at —13 °C (curve c of Fig. 16b). However, the solution with
@ = 0.042 is unable to jellify upon the same cryotropic treatment [77]. This
indicates that for polymer concentrations below a critical value, the total volume
of the unfrozen liquid microphase is too low to form cluster aggregates [77]. The
clustering process, in turn, plays a key role in formation of the gel.

It is worth noting that the analysis of SANS data in Fig. 16a, related to the early
stages of cryogelation from PVA homogeneous solutions, does not provide any
evidence of LL phase separation during the prolonged treatment at subzero tem-
peratures, as expected from the phase diagram of Komatsu et al. [43] (Fig. 8). In
fact, the fastest process that could be detected in our approach is crystallization of
the solvent [76, 77]. Using the concept of hierarchical metastability [17, 25], this
occurs because the spinodal decomposition is buried by the crystallization of water.
In this hypothesis and in agreement with the cryogelation mechanism proposed by
Lozinsky [4-6] (Fig. 15), the formation of macropores in these gels is due to
crystallization of the solvent, which acts as a porogen. However, the lack of
evidence of LL phase separation may also be due to the fact that in the early stages
of spinodal decomposition, concentration fluctuation corresponds to wavelengths
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higher than 27/gumin (=300 nm) [24, 37, 78], with ¢ = 0.02 nm ™' being the
lowest value of the scattering vector ¢ that was achieved in the experimental set-up.
In this second hypothesis, the scattering intensity is expected to show a peak at
q < ¢min, but this low ¢ region was not sampled [24, 37].

During thawing, the scattering cross-section decreases (Fig. 16b). This indicates
that, upon defrosting, the frozen solution evolves towards a system characterized by
alternation of dense and diluted regions that have origin in the regions occupied at
subzero temperatures by ice and the unfrozen liquid microphase, respectively
[77]. For PVA concentrations higher than a critical value, dense and diluted regions
are likely to form an interpenetrated network of two co-continuous phases, resulting
in a transparent gel in the nascent state (curve c of Fig. 16b) where the characteristic
size of the phase-separated domains is of the order of few tens of nanometers [77].

The nascent gels become opaque upon aging at room temperature for few hours
due to the increase in size of the regions that are alternatively dense and diluted
[77]. The coarsening of the heterogeneous structure imprinted by the cryotropic
treatment is driven by the tendency of the dense and dilute regions to minimize their
surface of contact, and is the hallmark that these gels are in a state far from
equilibrium. In fact, the fast cryogenic treatment causes the formation of transpar-
ent gels having the same composition as the initial homogeneous solution. On the
basis of the phase diagram by Komatsu et al. [43] (Fig. 8), solutions containing 10—
12 wt% PVA (corresponding to PVA volume fraction @ in the range 0.086-0.12)
are in the one-phase region and should not give rise to a gel at room temperature.
However, the nascent gels obtained from these solutions by cryotropic treatment at
—13 °C do not transform back into the initial homogeneous solution once they are
brought back to room temperature because a strong network scaffolding has already
been formed due to the presence of PVA crystallites. These gels are stable up to 50—
60 °C [57] and can be aged for long time in sealed vials, maintaining their
properties. Moreover, the nascent gels obtained after a single freeze—thaw cycle
are already too strong to evolve towards complete elimination of the solvent
[24]. Nascent gels, instead, react via microsyneresis and the size of the dense and
diluted regions increases [24]. The coarsening of the heterogeneous structure of the
nascent and transparent gels, up to becoming opaque, also suggests that spinodal
decomposition occurs [79, 80]. This phenomenon has indeed been observed for
other gels [79, 80]. It generally occurs when a swollen gel is suddenly brought into
another state that may be located either in the two-phase or one-phase region of its
phase diagram [80]. Regardless of the region of the phase diagram in which the new
state is located, it has been shown that the system becomes opaque without any
appreciable volume change, suggesting occurrence of spinodal decomposition in
both cases. However, in contrast to the usual fluids, the domain growth is slow
because the elastic force of the gel suppresses the surface tension force, which is the
driving force of domain growth [79, 80].
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3.7 Kinetic Analysis of SANS Data

A more in-depth analysis of TR-SANS data collected during the first freezing step
(Fig. 16a) indicates that the structural changes that occur at correlation distances
between 60—300 nm and 7-60 nm are different and involve different characteristic
times [77]. Therefore, the scattering data collected in the relevant g ranges were
analyzed separately by evaluating the Lorentz-corrected integral ¥ of the scattering
cross-section in the ¢ range between ¢; = 0.022 and ¢, = 0.108 nm ™! for ¥, o0 (0
and between ¢; = 0.108 and ¢, = 0.881 nm~ ! for ¥hign(?) as a function of time.
This kind of integral corresponds to the scattering invariant when the integration
limits in ¢ are extended from zero to infinite. For this reason, the function ¥
corresponds to a sort of “reduced scattering invariant.” A working hypothesis is
that, in the early stages of gelation, the SANS patterns contain additive contribu-
tions from the aggregated and non-aggregated phases and that the interaction
between these two phases may be neglected. Thus, changes in the reduced scatter-
ing invariant ¥}, (f) probe structural changes occurring in the initially homoge-
neous solution during permanence at subzero temperatures at length scales of the
order of hundreds of nanometers, essentially due to water crystallization [77]. By
contrast, changes in the reduced scattering invariant ¥p;,u(f) probe structural
changes occurring at length scales of the order of nanometers, essentially due to
PVA crystallization inside the unfrozen liquid microphase [77].

The values of the reduced scattering invariant calculated from the SANS data
collected during the first freezing step of PVA/D,O solutions are reported in Fig. 17
as a function of the permanence time of the solutions at —13 °C. In Fig. 17a’ (inset),
the values of ¥}, (¢) of pure D,0 are also shown for comparison.

The sigma shape of the curves describing the structural changes occurring at a
length scale of hundreds of nanometers (Fig. 17a) reflects the formation of ice
crystals of pure water (Fig. 17a’), which takes about 10~15 min regardless of PVA
concentration [77].

By contrast, the values of the reduced scattering invariant calculated in the high
q region ¥y (?) increase with the permanence time of the PVA solutions at subzero
temperature according to a smoothed sigma shape (Fig. 17b), and reflect structural
changes at length scales of tens of nanometers due to the crystallization of PVA in
the unfrozen liquid microphase. It is apparent that the values of ¥p,;n(7), regardless
of PVA concentration, increase smoothly in the first 30 min, present an upturn at
around 30—40 min, and increase smoothly again in the successive 120-330 min of
freezing, without reaching any plateau value, even for prolonged times of perma-
nence at —13 °C. This suggests that after completion of the crystallization of the
solvent (which takes about 10—15 min), the PVA chains, which are mostly segre-
gated in the unfrozen liquid microphase, tend to form precrystalline or crystalline
aggregates, probably because the concentration of the liquid microphase reaches
the eutectic composition [77]. However, although the temperature of the system
(—13°C) is probably below the eutectic temperature, the full crystallization of PVA
may not be achieved and is slowed down due to the fact that the unfrozen liquid
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Fig. 17 (a, a’) Reduced scattering invariant, ¥}, (¢), as a function of time during treatment at —
13 °C from a D,O solution with @py = 0.086 (circles) and 0.12 (squares) PVA volume fraction
(a) and from pure D,0 (', insef). The curves reflect structural changes occurring at length scales
of the order of hundreds of nanometers, essentially due to water crystallization. (b) Reduced
scattering invariant, ¥ (¢), as a function of time during the treatment at —13 °C from a D,O
solution with 0.086 (curve a) and 0.042 (curve b) PVA volume fraction. The curves reflect
structural changes occurring at length scales of the order of nanometers, essentially due to PVA
crystallization inside the unfrozen liquid microphase. (Reproduced with permission from
[77]. Copyright 2008 by the American Chemical Society)

microphase jellifies, preventing attainment of thermodynamic equilibrium
[77]. The formation of the gel microphase may be determined by aggregation of
PVA chains in a confined environment, which is driven by hydrogen bonding,
consequent formation of crystallites, and vitrification of the swollen amorphous
phase at a temperature that is probably below the glass transition [4—6]. This
scenario holds both for solutions with PVA volume fraction @ > 0.086 and for
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Fig. 18 Avrami plot of the reduced scattering invariant ¥};zn(f) normalized to the extrapolated
value of the scattering invariant at infinite time ¥y;gn(t — oo) for solutions with PVA volume
fraction @pya of 0.086 (circles) and 0.042 (squares). The Avrami exponents n are indicated.
(Reproduced with permission from [77]. Copyright 2008 by the American Chemical Society)

more dilute PVA solutions with @ = 0.042 (curve b of Fig. 17b). In fact, the SANS
data in Fig. 17b indicate that in dilute PVA solution (@ = 0.042), crystallization of
PVA probably also takes place, even though a macroscopic gel is not formed upon
defrosting because the relative amount of the gel microphase is too low to give rise
to an interconnected macroscopic gel network at subzero temperatures [77].

The data in Fig. 17b may be used to extrapolate the value of the reduced
scattering invariant ¥p.,(#) at infinite time ¥y,;gn(f—00) [77]. The ratio of ¥p;en(?)
t0 ¥pigh(f—00) is proportional to the extent of PVA crystallization in the unfrozen
liquid microphase. This parameter is used in the Avrami plot shown in Fig. 18
[77]. Avrami analysis of the confined crystallization in these gels indicates that the
confined crystallization of PVA follows first-order kinetics (n = 1) during the first
40 min, and becomes slower in the later stages with an apparent exponent n < 1
[77]. For the frozen solution, an exponent of n = 1 is consistent with a
one-dimensional (fibrillar) growth mechanism controlled by heterogeneous
(athermal) nucleation [81], triggered by the active surface of ice at the interface
with the unfrozen liquid microphase. The low Avrami exponent of 0.25 is rather
uncommon [82, 83]. A possible reason for a value of n lower than 1 in the later
stages of crystallization kinetics of PVA in the frozen solution may be the restric-
tion of crystal growth because previously formed PVA crystals reduce the mobility
of PV A chains dissolved in the unfrozen liquid microphase. This reduced mobility,
in turn, results in jellification of the unfrozen microphase [77].
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4 Concluding Remarks and Outlook

Poly(vinyl alcohol) cryogels are strong physical gels that form as a result of
different crosslinking processes that occur simultaneously in synergy or in compe-
tition. We demonstrate here that the concept of circumstantial metastability and the
hierarchy of metastable states may turn out to be useful in unraveling the complex
mechanisms subtending their formation. In particular, we have shown that kinetic
analysis of the cryotropic gelation from PVA solutions using time-resolving SANS
has allowed an unprecedented level of comprehension of this process. At least three
elementary steps have been identified:

» Incomplete solvent crystallization occurring at subzero temperatures, with con-
sequent formation of an unfrozen liquid microphase of eutectic composition

¢ Incomplete PVA crystallization in the unfrozen liquid microphase, with conse-
quent formation of a microgel fraction

e Coarsening of the dense and diluted regions imprinted by the cryogenic treat-
ment, occurring at room temperature

A wealth of applications have been proposed for these gels in many different
fields, including biomedicine and diagnostics. Applications include the building of
artificial muscles [84, 85] or phantom organs for NMR imaging and mammography
[86, 87], controlled drug release [11, 88—90], and biotechnology in which these gels
act as carriers of immobilized bioaffinity ligands, enzymes, and cells [4—6, 91].

More recently, it has been pointed out that aged gels possess self-healing
properties at room temperature, without the need for any stimulus or healing
agent [10]. Welding occurs spontaneously via chain diffusion across the interface
provided that a sufficient number of PVA free hydroxyl groups survive at the
contact between the two cut surfaces [10].

A further interesting property of PVA cryogels is that, whereas a long aging in
sealed vials at room temperature induces large variations in their structure and
properties, the porous structure imprinted by cryotropic treatment is not greatly
altered upon drying and during the successive rehydration step. Rehydrated gels
almost completely recover the volume, shape, and physical properties of the
as-formed freeze—thaw PVA hydrogels [42, 57, 62, 63]. It has been shown that
the outstanding physical and mechanical properties of freeze—thaw PVA hydrogels
in the as-prepared state can be preserved, even for a long time, by drying the
samples immediately after preparation and then restoring when needed by rehydra-
tion of the dried samples [42, 57, 63].

Finally, it is worth mentioning that PVA cryogels are able to incorporate
different soluble and insoluble additives inside the pores to obtain composite
materials of both scientific and applied interest [4—6]. In particular, PVA-based
cryogels have been obtained that include inside the porous structure nanoparticles
of solid crystalline compounds, co-elastic gels, microorganisms, gas bubbles, or
microdroplets of liquids immiscible with PVA solutions [4—6, 92-98].
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There are still several basic issues regarding PVA cryogels that deserve further

investigation, especially related to the complex dynamics of water molecules and
polymer chains. The identification of smart processing routes to obtain systems
with tailored pore size and pore size distribution, and with well-defined viscoelastic
properties, is critically dependent on fundamental study of the dynamics of these
systems, coupled with modeling.
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Abstract An effective and facile method for the synthesis of chemically
crosslinked supermacroporous polymer cryogels based on UV irradiation is
reviewed. The influence of key factors like the irradiation dose, temperature of
freezing, concentration of polymer or monomer precursor, molar mass of polymer
precursor, and the type and amount of the photoinitiator on crosslinking efficiency
is discussed. The versatility of the method for preparation of a large number of
biocompatible, biodegradable, and/or stimuli-responsive cryogels is demonstrated.
Examples include some specific properties of well-investigated polyacrylamide
(PAAm) and poly(N-isopropylacrylamide) (PNIPAAm) cryogels obtained by
photocrosslinking as well as novel cryogels based on cellulose derivatives,
hydrophobically modified polyglycidol (PGL), and ethoxytriethyleneglycol acry-
late (ETEGA). Part of this review is focused on the applicability of
supermacroporous cryogels as carriers of different species such as drugs, enzymes,
nanoparticles, and cells immobilized in either cryogel walls (polymer matrix) or
interconnected pores.

P.D. Petrov (<) « C.B. Tsvetanov

Institute of Polymers, Bulgarian Academy of Sciences, Akad. G. Bonchev Str. 103 A, Sofia
1113, Bulgaria

e-mail: ppetrov@polymer.bas.bg

O. Okay (ed.), Polymeric Cryogels, Advances in Polymer Science 263, 199
DOI 10.1007/978-3-319-05846-7_5, © Springer International Publishing Switzerland 2014


mailto:ppetrov@polymer.bas.bg

200 P.D. Petrov and C.B. Tsvetanov

Keywords UV irradiation ¢ Photocrosslinking ¢ Cellulose derivatives ¢ Stimuli-
responsive cryogels ¢ Carriers

Abbreviations
AAm Acrylamide
AgNPs Silver nanoparticles

BBTMAC  (4-Benzoylbenzyl)trimethylammonium chloride
BisAAm N,N'-methylenebisacrylamide

CNT Carbon nanotube

DMAEMA 2-(Dimetylamino)ethyl methacrylate
DS Degree of swelling

ETEGA Ethoxytriethyleneglycol acrylate
GF Gel fraction

HEC 2-Hydroxyethylcellulose

HEMA 2-Hydroxyethyl methacrylate

HPC Hydroxypropylcellulose

HPMC (Hydroxypropyl)methylcellulose
LCST Lower critical solution temperature
MC Methylcellulose

NIPAAmM N-Isopropylacrylamide
OEGMA Oligo(ethyleneglycol) methacrylate

PAAm Polyacrylamide

PEGDA Poly(ethylene glycol) diacrylate

PEO Poly(ethylene oxide)

PETEGA Poly(ethoxytriethyleneglycol) acrylate
PGL Polyglycidol

PHEMA Poly(2-hydroxyethyl methacrylate)
PNIPAAm  Poly(N-isopropylacrylamide)

Tvpr Temperature of volume phase transition
VCL Vinyl caprolactam
Uv Ultraviolet

1 Introduction

Supermacroporous polymer cryogels are attractive materials due to their unique
heterogeneous structure composed of large interconnected pores that are filled with
solvent and surrounded by thin walls. Such a structure makes the diffusion of fluids
and species within the volume of cryogel easy and, thereby, facilitates mass and
heat transfer [1, 2]. Polymer cryogels are formed as a result of freezing of low or
high molar mass precursors (dissolved most often in water), crosslinking, and
subsequent thawing. A very important feature determining the success of
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preparation of a heterogeneous open porous structure is that the solvent is frozen
before the beginning of crosslinking reactions, i.e., the reaction system is
cryostructured. In the case of chemical crosslinking by a redox system, which is
one of the most frequently used approaches for synthesis of polymer cryogels, the
polymerization rate has to be slow enough to prevent crosslinking of the system
from the time of mixing of the reagents until the complete cryostructuration, i.e.,
any crosslinking in solution must be avoided [3]. Typically, when using a redox
system, the time required for preparation of cryogels varies from 16 to 24 h [4-6].

From this point of view, the most efficient methods for regular cryostructuration
of the system are those based on chemical crosslinking induced by high energy
radiation (gamma-rays, electron beam) [7-9]. Here, the solution of reagents is first
allowed to freeze, forming well-separated large interconnected ice crystals and
nonfrozen liquid microphase. Then, the polymer network is formed. Usually, the
irradiation procedure takes 60—180 min and saves time in the preparation of
cryogels. However, the complex and expensive equipment needed in combination
with the safety requirements seem to limit the wide use of these methods.

Ten years ago, the UV irradiation technique was successfully employed for the
first time by our team for the synthesis of poly(ethylene oxide) (PEO) cryogels
[10]. This method starts with freezing of the solvent and conducts the crosslinking
reaction after the complete structuring of the system. Thus, together with full
control over the formation of large-size crystals and nonfrozen liquid microphase,
the method benefits from the facile procedure and easy access to a UV light source.
By optimizing the experimental conditions, PEO cryogels of very high gel fraction
(GF) yield (95 %) were obtained.

This review summarizes the recent achievements in preparation of various
supermacroporous polymer cryogels via UV-induced crosslinking in partly frozen
systems. The method is equally effective for the formation of cryogels from both
water-soluble high molar mass linear polymers and vinyl monomers. Special
attention is paid to some novel materials based on biodegradable and/or stimuli-
responsive polymers and their application in some emerging fields, as well as the
fabrication of nanocomposites with intriguing properties.

2 Cryogels from Water-Soluble High Molar Mass
Polymers

Cryogels from high molar mass polymer precursors were obtained by a simple
procedure involving preparation of semidilute/concentrated polymer solution
(0.5-5 mass%) containing a photoinitiator, followed by freezing, UV-induced
crosslinking, and thawing. Notably, the crosslinking reaction is very fast and
formation of the polymer network can be completed within several minutes. The
accepted mechanism of crosslinking of high molar mass linear polymers induced by
UV light involves generation and subsequent recombination of macroradicals [10]
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Fig. 1 Mechanism of photochemical crosslinking of PEO with photoinitiator (4-benzoylbenzyl)
trimethylammonium chloride

with the aid of a photoinitiator. A substantial advantage of this method is the fact
that no functional groups are required. Figure 1 shows one example of photocros-
slinking of PEO in the presence of a water-soluble photoinitiator,
(4-benzoylbenzyl)trimethylammonium chloride (BBTMAC). Upon UV irradiation,
the benzophenone derivative undergoes several photophysical processes to afford
an n,z* triplet state, which then proceeds to reduction of BBTMAC and hydrogen
atom abstraction from the PEO chain. Photocrosslinking occurs by a recombination
reaction of two macroradicals to produce covalent bonds between two main chains.
One should point out that in the case of cryogels, the crosslinking reaction takes
place in the nonfrozen liquid microphase, where the concentration of polymer is
higher than in the initial solution due to the cryo-concentration phenomena. There-
fore, under such conditions the probability for recombination of two macroradicals
is increased. This fact explains why cellulose derivatives, which degrade in solution
upon UV irradiation, were successfully crosslinked via cryogenic treatment [11,
12]. Figure 2 shows the storage (G’) and loss (G”) moduli in the 0.1-10 Hz
frequency range of 3 mass% aqueous 2-hydroxyethylcellulose (HEC) solutions
irradiated with UV light in the frozen state (—30 °C) and at room temperature.
The two samples exhibit quite different rheological behavior. For the HEC
solution irradiated at room temperature, a strong dependence of G” on the fre-
quency (f) and a cross-over at ca. 0.2 Hz were registered. Moreover, it was
established that the viscosity of the initial solution was higher than that of the
solution after irradiation at room temperature, which is evidence for the degradation
of HEC macromolecules. In contrast, the apparent values of G’ and G” of the
sample obtained from the frozen aqueous systems exhibited little dependence on
f,and G’ > G” over the entire frange explored. The observed results are consistent
with the typical behavior of polymer gels and indicate that crosslinking reactions
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occur predominantly under the chosen experimental conditions. It has been
described that two processes, degradation and crosslinking, are in competition at
high-energy irradiation of cellulose derivatives with either an electron beam or
gamma-rays [13—15]. When exposed to ionizing radiation at ambient temperature
in the solid state and in aqueous solutions, the cellulose derivatives undergo
degradation, whereas the best results for crosslinking have been obtained at
paste-like conditions (25-40 mass%, depending on the polymer). Based on the
theory of cryotropic gelation, it is assumed that most of the solvent forms crystals
during freezing of aqueous solutions of cellulose derivatives, whereas the polymer,
the photoinitiator, and the water molecules connected to the polymer through
hydrogen bonds (non-freezable solvent) form a nonfrozen liquid microphase.
Obviously, the polymer concentration in the liquid microphase is very high (cryo-
concentration effect) and the reaction conditions closely resemble the conditions of
the paste-like state. Therefore, during UV irradiation in the frozen state, the rate of
crosslinking is much higher than the rate of chain scission reactions and a cryogel is
formed.

Indeed, nonionic HEC, (hydroxypropyl)methylcellulose (HPMC), methylcellu-
lose (MC), and cationic 2-hydroxyethylcellulose can be crosslinked via UV irradi-
ation assisted by the cryogenic treatment (Table 1).

All cryogels based on cellulose derivatives are opaque materials and a significant
part of the water (>65 %) can be separated easily by compression at low mechan-
ical loads. A scanning electron microscopy (SEM) image of a HEC cryogel (Fig. 3)
illustrates the typical supermacroporous structure of the material, which consists of
large interconnected pores (50—200 pm) surrounded by thin walls.

The main factors affecting the efficiency of crosslinking and the properties of the
material are the type and molar mass of polymer, the concentration of initial
solution, the type and amount of photoinitiator, the temperature of freezing, and
the irradiation dose. As a rule, each parameter has to be optimized to reach the
maximum GF yield for given polymer, as exemplified below for HEC.
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Table 1 Cryogels obtained via UV irradiation of frozen systems based on aqueous solutions of
nonionic and cationic cellulose derivatives

Cellulose derivative ~ Molar mass (g/mol)  Gel fraction yield™ (%)  Degree of swelling

HEC* 1,300,000 95 13
HEC* 300,000 78 15
HEC* 90,000 51 22
Quaternized HEC® 900,000 75 12
HPMC® 120,000 50 22
Mmc? 88,000 46 25

Reproduced from [11] with permission from Elsevier

Experimental conditions: 2-5 mass% BBTMAC, irradiation time 2 min (irradiation dose
11.4 J/em?, input power 93 mW/cm?, maximum wavelength at 365 nm)

HEC 2-hydroxyethylcellulose, HPMC (hydroxypropyl)methylcellulose, MC methylcellulose
“Degree of substitution (DS) 1.5; molar degree of substitution (MS) 2.5

MS of quaternary ammonium moiety 0.4

‘DS 1.1-1.6; MS 0.1-0.3

DS 1.5-1.9

Fig. 3 SEM micrograph of
HEC cryogel prepared at a
freezing temperature of
—20 °C, initial polymer
concentration 1 mass%,
polymer molar mass
1,300,000 g/mol, 2 mass%
BBTMAC, irradiation time
2 min. Reprinted from [12]
with permission from
Elsevier

It was found that the GF yield of cryogels prepared by irradiation of frozen
aqueous solutions of HEC (concentration 3 mass%, 5 mass% BBTMAC) with UV
light at an irradiation dose rate of 5.7 J/cm? min increases with the irradiation time
in the first 2 min and then reaches a constant value. Consequently, 2 min of
irradiation is adequate for crosslinking of HEC in a frozen aqueous system and
results in cryogels of good quality (the material maintains its integrity and original
shape in water). The extremely short time required for the formation of a polymer
network avoids the side effects of excessive heating during irradiation.

The dependence of the GF yield of HEC cryogels, crosslinked at —20 °C, on the
initial concentration of HEC solutions is shown in Fig. 4.

Cryogels are formed at substantially low polymer concentrations, which is
attributed to the cryo-concentration phenomenon. The GF yield increases with
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increasing concentration and reaches a maximum at a polymer concentration of
1 mass% for HECs with molar masses of 1,300,000 g/mol and 300,000 g/mol, and
2 mass% for HEC with molar mass of 90,000 g/mol, and decreases at higher
concentrations. In addition, the higher the molar mass of polymers, the higher the
GF yield of cryogels.

HEC cryogels of good quality and high GF yield can be prepared by freezing the
initial solution at a temperature between —15 and —30 °C at a cooling rate of
1 °C/min (Fig. 5). Note that the maximum value of GF yield is reached at —20 °C.

The use of an aromatic photoinitiator for preparation of HEC cryogels is not
always desirable, especially when the materials obtained are intended for applica-
tion in medicine and pharmacy. Therefore, studies have focused on the formation of
cryogels of cellulose derivatives using hydrogen peroxide as a photoinitiator
(Fig. 6) [12, 16]. H,O, generates hydroxyl radicals during its photo-homolysis
[17]. These radicals react with the polymer chains, giving rise to macroradicals
that form a polymer network by recombination. The by-product of this reaction is
water and, consequently, the material obtained can be used without additional
purification. The GF yield of HEC cryogels obtained with H,O, is slightly lower
compared to BBTMAC at the same concentration (Fig. 6); however, one can
prepare monolithic material that maintains its original shape and can be handled.

It is well known that cellulose derivatives are biodegradable polymers that
undergo degradation by cleavage of the glycosidic linkages through the action of
enzymes or microorganisms [15]. The process of enzymatic degradation of HEC
cryogels has a specific feature. SEM analysis (Fig. 7) at an intermediate stage of
degradation (12 h, 62 % weight loss) illustrates that the cryogel walls appear thinner
and partially destroyed. This means that the enzyme molecules do not only attack
the HEC network at the gel surface (typical for hydrogels), but that they also
penetrate into the macroscopic pores and digest the whole polymer structure.
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Fig. 5 Gel fraction yield of
HEC cryogels obtained at
various negative
temperatures. Cryogels
were prepared at initial
polymer concentration

1 mass%, polymer molar
mass 1,300,000 g/mol,

2 mass% BBTMAC,
irradiation time 2 min.
Reprinted from [12] with
permission from Elsevier

Fig. 6 Gel fraction yield of
HEC cryogels prepared with
different photoinitiators.
Cryogels were prepared at a
freezing temperature of
—20 °C, initial polymer
concentration 1 mass%,
polymer molar mass
1,300,000 g/mol, 2 mass%
initiator, irradiation time

2 min
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On the other hand, it was found that HEC cryogels degrade slower than conven-
tional HEC hydrogels of similar GF yield.

An appropriate strategy for increasing the GF yield and enhancing the mechan-
ical strength of cryogels based on cellulose derivatives is to incorporate
suitable crosslinking agents into the polymer network [11]. For instance, the
storage modulus of HPMC cryogel prepared in the presence of 3 mass%
N.N'-methylenebisacrylamide (BisAAm) is an order of magnitude higher than
that of HPMC cryogel obtained without crosslinking agent. More interesting, the
formation of a polymer co-network between HEC and another polymer such as
chitosan (CS) leads to a material with significantly increased storage modulus and
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Fig. 7 SEM micrograph of
HEC cryogel after 12 h
action of the enzyme
cellulase. Cryogel was
prepared at a freezing
temperature of —20 °C,
initial polymer
concentration 1 mass%,
polymer molar mass
1,300,000 g/mol, 2 mass%
BBTMAC, irradiation time
2 min. Reprinted from [12]
with permission from
Elsevier

Fig. 8 Dependence of the
elastic modulus G’ of
cryogels on the HEC-to-
chitosan weight ratio.
Cryogels were prepared at a
freezing temperature of —
20 °C, 5 mass% H,0,,

30 mass% BisAAm, initial
polymer concentration 1.5
mass%, irradiation time

2 min. Reprinted from [18]
with permission from 10 4
Elsevier 3
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pH-responsive properties [18]. The increase in chitosan content in the polymer
co-network increases the mechanical strength of cryogels (Fig. 8).

Similarly, the degree of swelling (DS) of HEC—chitosan cryogels increases
proportionally with increasing chitosan content. In acidic conditions, amino groups
in chitosan are protonated and chitosan segments swell more at pH 4 than in neutral
water. Thus, the DS of HEC—chitosan cryogels at pH 4 is higher than at pH 7 for all
compositions studied (Fig. 9). The pH-triggered volume phase transition (swelling/
shrinking) is a fast and reproducible process, i.e., HEC—chitosan cryogels can reach
many times the defined DS in acidic or neutral water within 15-20 s.

The UV irradiation technique has also been successfully employed in the
preparation of novel macroporous cryogels based on hydrophobically modified
high molar mass polyglycidol (Fig. 10) [19]. It is known that by varying the degree
of modification of polymer, it is possible to obtain temperature-responsive mate-
rials with tunable properties [20]. For all copolymer compositions studied
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Fig. 9 Degree of swelling
(ES) of HEC—chitosan
cryogels of different
composition in acidic and
neutral water. Cryogels
were prepared at a freezing
temperature of —20 °C,
initial polymer
concentration 1.5 mass%,
30 mass% BisAAm,
irradiation time 2 min.
Reprinted from [18] with
permission from Elsevier

Fig. 10 Temperature-
responsive poly(glycidol-
co-ethyl glycidyl
carbamate)
(hydrophobically modified
polyglycidol) precursor
used for the synthesis of
cryogels. Reprinted from
[19] with permission from
Elsevier
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(copolymer molar mass 1,250,000 g/mol; molar degree of modification 32, 37, and
40 %), the maximum value of the GF yield was achieved at an initial copolymer
concentration of 2 mass%, irradiation time 4 min (irradiation dose 22.8 J/cmz), and

5 mass% BBTMAC.

Photochemical crosslinking of high molar mass polyacrylamide (PAAm) in a
frozen aqueous system has been achieved as an alternative to the commonly used
synthesis of PAAm cryogels from acrylamide. Advantageously, starting from a
high molar mass precursor one may omit the use of crosslinking agent [16].
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3 Cryogels from Water-Soluble Vinyl Monomers

It has been demonstrated by several teams that the UV irradiation technique can be
used for the synthesis of polymer cryogels from different vinyl monomers (Table 2)
in the presence of a photoinitiator and a crosslinking agent.

The polymer network is formed in the nonfrozen liquid microphase by a free
radical photopolymerization/crosslinking reaction (Fig. 11) at defined negative
temperature. The use of crosslinking agent provides the formation of a three-
dimensional network instead of linear macrochains. Specifically, the concentration
of reagents in the microphase is much higher than the concentration in the initial
solution, due to the fact that a large amount of the solvent forms crystals.

The incorporation of crosslinks between the polymer chains also contributes to
the mechanical strength of the material. A comparison between two polyacrylamide
cryogels, synthesized from 5 mass% monomer solution containing crosslinking
agent poly(ethylene glycol) diacrylate (PEGDA, 10 mass%) and 5 mass% polymer
solutions without PEGDA, revealed that the latter cryogel has a storage modulus
several times lower than the cryogel synthesized from monomer (Fig. 12). How-
ever, the addition of 10 mass% PEGDA to the polymer solution resulted in a
cryogel with G’ similar to that of AAm/PEGDA-based cryogels.

The choice of a powerful source of UV light seems to be the crucial factor for
fast monomer conversion and formation of polymer network. The results from
experiments carred out with a Dymax 5000-EC UV curing equipment with
400 W metal halide flood lamp emitting full spectrum UV-visible light at an
irradiation dose rate of 5.7 J/cm2 min (input power 93 mW/cmz) showed that
5 min of irradiation is sufficient for preparation of disk-shaped cryogels of good
quality [16, 21, 22]. Moreover, in the case of NIPAAm, ETEGA, and AAm,
cryogels of extremely high GF yield (nearly quantitative monomer conversion)
were obtained (Table 3). Thus, the as-synthesized materials do not contain unde-
sirable monomer and crosslinking agent and can be directly used without any
extraction procedure. The conversion of HEMA to a PHEMA network within the
studied concentration range was also very high. Only vinyl caprolactam (VCL)
cannot form cryogels of high GF yield, and the possible reason for the low
crosslinking efficiency can be attributed to the poor solubility of VCL in water.
The use of non-crystallizable co-solvent (ethanol; 10 vol%) seems to affect the
regular cryostructuring and hinder the formation of polymer network.

In general, the time for preparation of polymer cryogels from vinyl monomers
via UV irradiation is much shorter compared to the most often used technique,
which is based on a redox system. Since the reagents can be dissolved quickly in the
solvent and the reaction time is only 5 min, the freezing/cryostructuring of the
system appears to be the longest stage in the preparation procedure. Usually,
depending on the sample size and shape, the solvent can be frozen within several
(up to 120) minutes, making completion of the entire process possible in less than
1 h. It should be noted that all the commercially available monomers listed in
Table 3 can be used without any purification, which further facilitates the synthesis
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Table 2 Monomer precursors used for the synthesis of polymer cryogels via the UV irradiation
technique

Monomer Structural formula Solvent References
Acrylamide (AAm) (0] Water [16, 21]

N-Isopropylacrylamide (NIPAAm) (|) /l\ Water [16]
\/‘\N

H
2-Hydroxyethyl methacrylate (0] Water [16]
(HEMA) OH
o "
N-Vinylcaprolactam (VCL) NN Water/ [16]
ethanol
O
2-(Dimetylamino)ethyl methacry- (0] 1,4-Dioxane [22]
late (DMAEMA) N/
o > N

Oligo(ethyleneglycol) methacrylate 1,4-Dioxane [22]

(e}
(OFaM ﬁ)}\ {/\/O%’
O

Ethoxytriethyleneglycol acrylate

0
(ETEGA) \)J\ o
AN O{/\/ 4?/
5 UV light
—_—

photoinitiator

Water [23, 24]

Solution of monomer Free radical polymerization

eoveclinking qoe e Polymer network
and crosslinking agent crosslinking .

Fig. 11 Formation of polymer network from vinyl monomer and bifunctional crosslinking agent
via UV irradiation

procedure. In addition, a very high crosslinking efficiency was reached without any
purging of the reagent solution with an inert gas.

Certain limitations of the technique described in this review arise from the
penetration depth of the irradiation. To fabricate material with identical behavior
throughout the whole structure, it is recommended that the entire sample be
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Fig. 12 Frequency dependence of the storage moduli G’ of polyacrylamide cryogels prepared
from 5 mass% monomeric (AAm) or polymeric precursors (PAAm) with and without PEGDA
crosslinker. AAm/PEGDA AAm + 10 mass% PEGDA, PAAm/PEGDA PAAm + 10 mass%
PEGDA, PAAm PAAm without PEGDA. Cryogels were formed at a freezing temperature of
—20 °C, irradiation time 5 min, and 5 mass% H,0,. Reprinted from [16] with permission from
Elsevier

irradiated simultaneously. Therefore, the UV irradiation technique is useful for
preparation of flat (up to 10 mm), disk-shaped [10-12, 16, 18, 19, 21, 22], and
cylindrical cryogels with diameters up to 32 mm [23].

Polymer cryogels obtained by photocrosslinking of frozen systems possess
randomly distributed pores [24]. The diffusion of liquids in such cryogels is
relatively isotropic (Fig. 13a). In the case of directionally frozen systems, the
structure obtained is aligned and the diffusion of liquids through the cryogel follows
a one-dimentional pathway, diffusing faster parallel to the direction of freezing
(Fig. 13b).

Compression tests performed to determine the aligned cryogel strength revealed
that the sample crushed parallel to the freezing direction has a Young’s modulus of
10 kPa and the sample crushed in the perpendicular direction has a Young’s
modulus of 0.9 kPa.

4 Temperature-Responsive Polymer Cryogels

Temperature-responsive polymer cryogels are among the most intriguing represen-
tatives of the so-called “inteligent” hydrogels due to their numerous advantages.
The hydration/dehydration behavior of cryogels is much more rapid compared to
conventional hydrogels obtained from the same polymer [25]. This behavior has
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Table 3 Formation of cryogels from monomers via UV irradiation

Monomer Monomer concentration Irradiation time Gel fraction yield
precursor (mass%) (min) (%)
NIPAAm 2 5 >99
5 5 >99
10 5 97
15 5 87
AAm 2 5 >99
5 5 >99
10 5 96
15 5 90
ETEGA 2 5 >99
5 5 >99
10 5 >99
HEMA 2 5 92
5 5 92
10 5 92
15 5 87
VCL 2 10 -
5 10 -
10 10 25
15 10 15

Reproduced from [16] with permission fromElsevier

Experimental conditions: temperature of freezing —20 °C, 5 mass% H,0,, 10 mass% PEGDA
(molar mass 575 g/mol)

NIPAAm N-isopropylacrylamide, AAm acrylamide, ETEGA ethoxytriethyleneglycol acrylate,
HEMA 2-hydroxyethyl methacrylate, VCL vinyl caprolactam

Fig. 13 Diffusion of Rhodamine B-stained water through aligned porous polyOEGMA hydrogel
(left) and randomly macroporous polyOEGMA hydrogel (right) at room temperature: (a) birds-eye
view, (b) cross-sectional view. Reprinted form [24] with permission from the Royal Society of
Chemistry

been attributed to the spongy-like structure of the cryogel, which contains a large
amount of free water. During hydration/dehydration of the cryogel, the
interconnected pores, with their very smooth wall interfaces, dramatically facilitate
the diffusion of water and heat exchange.
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Fig. 14 SEM micrographs of PNIPAAm cryogel prepared from samples immersed in water at
25 °C (left) and 50 °C (right). Cryogel was synthesized from 5 mass% monomer solution,
containing H,O, (5 mass% to monomer) and PEGDA (10 mass%), frozen at —20 °C, and
irradiated with UV light for 5 min. Reprinted from [16] with permission from Elsevier

The interior morphologies of PNIPAAm cryogel at temperatures below and
above the temperature of volume phase transition (Typr) are shown in Fig. 14. At
25 °C, the PNIPAAm cryogel is swollen and has a supermacroporous structure with
round-shaped interconnected pores (50-100 pm) surrounded by thin walls
(ca. 1-2 pm). The phase transition of PNIPAAm caused a drastic decrease in the
volume of cryogel, resulting in much smaller pores (Fig. 14, right). Notably, the
cryogel does not lose its open porous structure in the deswollen state.

The extremely fast volume phase transition from hydrophilic to hydrophobic
state of the polymer network is demonstrated in Fig. 15 for cryogels based on
PNIPAAm and hydroxypropylcellulose (HPC). When the temperature changed
from 20 to 60 °C, the gel collapsed and reached a near-equilibrium state within
10-12 s. This behavior is attributed to both the existence of a large amount of free
water in the pores, which facilitates the heat transfer, and the thin compact cryogel
walls, which tend to respond more quickly to temperature changes. The fact that the
cryogels preserve their capillary structure above Tvpr plays an important role in the
rapid transition from hydrophobic to hydrophilic state. As also seen from Fig. 15,
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the cryogel reached 90 % of the equilibrium degree of swelling at 20 °C within 15—
20 s.

The temperature of volume phase transition of each cryogel depends on the
nature of the polymer network. The Tvypr, estimated as the maximum of the first
derivative of the swelling versus temperature curve, of PNIPAAm, HPC, and
PETEGA cryogels are 32, 48, and 33 °C, respectively. Most often, Typr is close
to the lower critical solution temperature (LCST) of the linear polymer analog;
however, unlike it, the transition is not so sharp.

The swelling versus temperature curves of hydrophobically modified PGL
cryogels of different composition are shown in Fig. 16. As a rule, an increase in
the degree of modification results in decreased Ty pr. Obviously, the gels containing
lower amounts of hydrophilic groups need less energy to overcome contributions
from the hydrogen bonds formed between the water molecules and polymer net-
work, and the gels collapse at lower temperatures. Thus, one may design
hydrophobically modified PGL cryogels with the desired Tvpr just by tuning the
degree of modification of the precursor. It should be noted that changing the
concentration of the copolymer solutions studied (1-5 mass%) did not cause any
shift of Typr.

The ability of stimuli-responsive hydrogels to undergo a reversible volume
phase transition in a defined and reproducible manner under given environmental
parameters is a crucial precondition for their practical application. Multiple
swelling—deswelling experiments conducted with PNIPAAm, PETEGA, and HPC
cryogels at different temperatures revealed nearly equal degrees of swelling for
each material at a defined temperature. This indicates that the cryogel is able to
reproduce its former interior structure and volume after many cycles of volume
phase transition without any mechanical destruction. An exception was observed
only for hydrophobically modified PGL cryogels. A decrease in the degree of
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Fig. 16 Temperature 40 —
dependence of the swelling © PGL-Et_32
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hydrophobically modified i
PGL cryogels (degree of ' [ POL-EL 4R
modification 32, 37, and I «
40 mol%) obtained at a
freezing temperature of
—20 °C, initial polymer
concentration 3 mass%,
5 mass% BBTMAC,
irradiation time 4 min.
Reprinted from [19] with
permission from Elsevier ' [
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swelling was found after the fifth cycle of temperature changes and was caused by
separation of small pieces from the edge of the cryogel. This destruction is
attributed to the lower strength of ether bonds in the PGL network upon mechanical
deformation accompanied by the temperature changes.

5 Nanocomposites Based on Polymer Cryogels

Fabrication of nanocomposite cryogels is a versatile platform for imparting specific
properties to the material. Basically, the specific heterogeneous structure of the
cryogel makes possible the incorporation of nanosized fillers via two different
routes: into the cryogel walls and into the cryogel channels. This, however, may
lead to nanocomposite cryogels with different behaviors and properties, even
though they were prepared from the same initial components. For instance, two
types of HPC cryogels containing silver nanoparticles (AgNPs), either entrapped
into the gel walls (polymer matrix) or included into the pores, were synthesized via
UV-induced crosslinking [16]. AgNPs were immobilized in the channels of the gel
by immersing a pre-made freeze-dried HPC cryogel in an aqueous dispersion of
AgNPs. The freeze-drying process preserves the spongy-like macroporous structure
of materials and, thus, the dispersion can easily fill the channels (interconnected
pores) of the dry cryogel in a few seconds. The second approach is based on mixing
of AgNPs and polymer prior to freezing and crosslinking. Cryogenic treatment led
to phase-separated ice crystals and nonfrozen liquid microphase containing AgNPs,
reagents, and physically bound water. Because the reaction of crosslinking occurs
only in the liquid microphase forming the gel walls, AgNPs were embedded into the
crosslinked polymer matrix. It is noteworthy that both types of materials exhibited
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completely different properties. The cryogels containing AgNPs only in the chan-
nels released them immediately when compressed (Fig. 17a) or, in the case of
temperature-responsive polymers, by switching to temperatures above the
corresponding Typr [16]. In addition, placed in a large excess of water, the cryogels
released the particles within several hours without external stimuli. In contrast, the
cryogels with AgNPs embedded in the walls did not release any nanoparticles
(Fig. 17b) due to the dense polymer network. In the latter case, only a slow release
of Ag" was registered.

Supermacroporous carbon nanotube (CNT)—polymer nanocomposites based on
various polymer cryogels have been prepared via photocrosslinking of either
polymer or monomer precursors [26, 27]. The two different strategies described
above were exploited to fabricate foam-like materials (aerogels) with CNTs located
either in the cryogel walls or on the cryogel inner surface (Fig. 18).

Intererestingly, the inclusion of a CNT dispersion into the pores of a pre-made
cryogel and the subsequent freezing resulted in deposition of both single- and
multiwalled CNTs onto the inner surface of the polymer matrix. It is assumed
that during cryogenic treatment most of the water in the system forms ice crystals,
whereas CNTs are accumulated on the surface of crystals and are gradually pushed
to the cryogel walls. Based on this original technique, supermacroporous aerogels
of high electrical conductivity at relatively low CNT content (0.12 mass%) were
obtained. Specifically for the UV irradiation technique, when the nanotubes were
added into the system before crosslinking, a decrease in the gel fraction yield was
found. Such a result is attributed to the ability of CNTs to absorb UV light, which
interferes with the regular crosslinking of polymer matrix, thus yielding cryogels
with a lower mechanical strength than the pure cryogels from the same precursor.

6 Applications

One of the main applications of polymer cryogels is their use in biotechnology as
carriers of cells, bacteria, and enzymes [1, 2]. The advantages of immobilized
microorganisms over cultures in suspension include the easier collection and
purification of bioproducts, better stability and performance under storage and
operational conditions, tolerance against toxic compounds, etc.

Photocrosslinked HEC cryogels have been studied as matrices for immobiliza-
tion of Saccharomyces cerevisiae cells [28, 29]. The systems obtained can be
re-used many times for production of ethanol in a batch reactor. Even after 6 months
of storage, S. cerevisiae cells were able to produce over 40 g ethanol in 1 L reactor
volume. However, the larger pore size of cryogels as compared to the cell size
allows unhindered difusion of the cells located at the periphery of the polymer
matrix into the medium. Therefore, a mixed system is formed consisting of
immobilized and free cells. The leakage of cells was significantly reduced by
covering the HEC cryogel, containing S. cerevisiae cells, with an outer layer
based on photocrosslinked poly(ethylene oxide) (PEO) hydrogel [30]. The PEO
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Fig. 17 Nanocomposite polymer cryogels based on HPC and silver nanoparticles immobilized
into (a) the pores and (b) the walls of the cryogel. Reprinted from [16] with permission from
Elsevier

Macroporous nanocomposite porewall CNT
r

Fig. 18 Fabrication of CNT—cryogel composites with nanotubes embedded into the cryogel walls
(top) and nanotubes deposited onto the inner surface of the cryogel (bottom). Reprinted from [27]
with permission from Elsevier

layer did not hinder the diffusion of nutrient and fermentation products. In this case,
ethanol production was up to 77 % of the theoretical yield.

Photocrosslinked PEO cryogel was investigated as carrier for different
xenobiotic-degrading bacteria [31, 32]. The cryogel exhibited good mechanical
strength, nontoxicity, and high biocompatibility with bacteria. It was found that the
enzyme activity of immobilized bacteria is many times higher than that of the free
culture.
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Production of a rhamnolipid biosurfactant by cells of Pseudomonas aeruginosa
strain BN10 immobilized into PEO and PAAm cryogels was investigated under
semicontinuous shake flask conditions and compared to biosurfactant secretion by
free cells [33]. The yield of rhamnolipids in the immobilized system exceeded that
of the free bacterial cells, distinguishing an effective bioprocess. The polymer
matrices possessed chemical and biological stability and very good physico-
mechanical characteristics, which are prerequisites for a high life span of these
materials for the production of rhamnolipids.

The temperature-responsive properties of poly(glycidol-co-ethyl glycidyl carba-
mate) cryogels were exploited for the growth of fibroblast cells on their surface
[19]. It was shown that the nonionic hydrophilic surface hinders interactions with
cells. When the environmental temperature is above Typr of the cryogel, the
support became hydrophobic, allowing cell attachment and proliferation.

Supermacroporous PNIPAAm cryogels containing urease were prepared via the
UV irradiation technique, with hydrogen peroxide as initiator [34]. Taking the
advantage of cryostructuration phenomenon during the cryogenic treatment, most
enzyme molecules were embedded into the cryogel walls. Although the enzyme
was physically entrapped, the system exhibited remarkable resistance against
leakage due to the dense polymer network formed in the cryogel walls. The
immobilized urease can catalyze the hydrolysis of urea over a broad temperature
range in both batch and flow regimes. The interconnected macropores assist
unhindered diffusion of the substrate and reaction products through the gel, thus
paving the way for consecutive re-use at a constant activity, in contrast to the
conventional PNIPAAm hydrogel (Fig. 19). The relatively high flow rate through
the cryogel matrix and the good activity of urease make it possible to directly
remove urea from the feed solution in a continuous flow regime. Hence, this
material might be attractive for treatment of contaminated water, blood detoxica-
tion, the dialysate regeneration system of artificial kidneys, removal of urea from
beverages, etc.

Encapsulation of a high amount of enzyme, comparable to the weight of cryogel
matrix, is only possible when the enzyme solution fills the large volume pores of a
pre-made cryogel. In this case, the performance of the system depends strongly on
the enzyme retention. It was demonstrated that the fabrication of an outer PEO layer
onto a PHEMA cryogel containing urease in the pores (Fig. 20) is an effective
strategy for preventing leakage of enzyme into the medium [35]. Moreover, one
could expect that the urease molecules, simply located in the confined space of the
macropores, are not restricted and behave like the free enzyme molecules. Due to
the high sensitivity of urease, such a system is able to detect very low contamination
of metal ions in water and, therefore, can find application as a biosensor.

One important issue in modern medicine is linked to the controlled release of
active substances. It is assumed that a drug delivery system can supply a constant
dose of the active substance over a period of several hours or days, depending on the
particular disease. Thus, it has an advantage over the conventional system, charac-
terized by a spontaneous release of the active substance immediately after admin-
istration (known as the “burst” effect) [36]. The potential of polymer cryogels for
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Fig. 20 Digital image of
double-layered gel
comprising a PHEMA core
containing urease and a
PEO outer layer. Reprinted
from [35] with permission
from John Wiley & Sons

encapsulation and sustained release of hydrophilic drugs has been investigated [21,
22]. By design, the water-soluble drug verapamil hydrochloride was entrapped in
the walls of different cryogels. In vitro experiments showed that the swelling
behavior of polymer matrices at physiological temperature plays a key role in the
drug release profile. For instance, the temperature-responsive PETEGA (Fig. 21)
and PNIPAAm cryogels, which are in a hydrophobic state at 37 °C, released the
drug over a period of more than 8 h. Following a slight initial burst effect, from the
second hour post-incubation the drug release process is characterized by time-
independent kinetics (zero-order kinetics with correlation coefficient R = 0.998).
This sustained release is attributed to the hindered diffusion of drug molecules
across the deswollen polymer network.

On the other hand, drug delivery systems based on hydrophilic PHEMA or
HEC-chitosan cryogels exhibited prolonged drug release at 37 °C after incorpora-
tion of a high amount of crosslinking agent (30 mass%) into the polymer network
[19, 22]. It is suggested that the high crosslink density of the polymer network is
responsible for the reduced rate of diffusion of drug molecules.
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Fig. 21 Release kinetics of
verapamil hydrochloride 100
from PETEGA cryogel at ;@
37 °C. Reproduced from =
[22] with permission from 8 80
Elsevier )
5
e 60 o
°
C=
= 404
=
©
o
© 20+
(]
>
0 -
0 100 200 300 400 500

Time (min)

7 Conclusions

The combination of cryogenic treatment and UV irradiation is a facile method for
the synthesis of chemically crosslinked supermacroporous polymer cryogels from
both polymer and monomer precursors. Effective crosslinking and a high gel
fraction yield can be achieved by irradiation of partly frozen systems with a UV
curing equipment comprising a 400 W metal halide flood lamp emitting full-
spectrum UV-visible light at an irradiation dose rate of 5.7 J/cm” min (input
power 93 mW/cm?) for 2-5 min. The cryogels obtained possess an open porous
structure, which imparts a very rapid water uptake and, in the case of stimuli-
responsive polymers, reversible ultrarapid volume phase transition.

Cryogels of cellulose derivatives were successfully synthesized by UV irradia-
tion of their partly frozen solutions. The use of H,O; initiator for photocrosslinking
of biocompatible and biodegradable polymers allows preparation of “green” gel
materials that can be further exploited without any additional purification.

In general, different species such as water-soluble drugs, enzymes,
nanoparticles, and nanotubes can be immobilized either within the cryogel walls
or into the cryogel pores, depending on the experimental protocol. Hence, one can
fabricate materials with specific properties, for instance, drug carriers exhibiting
either fast or prolonged release profiles.
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Abstract Recent advances in the application of cryogels in the synthesis and
processing of inorganic as well as carbon-based materials are briefly summarized.
Synthesis of complex oxides by using polymeric cryogels causes a substantial
reduction in phase formation temperature and thus promotes a significant decrease
in grain size. Freeze-drying of co-precipitated gels and residues prevents the
agglomeration of nanocrystallites usually observed during atmospheric drying.
This feature is also widely used for the isolation of nanoparticles prepared by
various wet chemical methods. Ceramic materials with oriented tubular pores and
mesoporous pore walls can be obtained by using directed crystallization of ice from
ceramic slurries. Carbon cryogels with a specific surface area of up to 2,000 m* g~
can be prepared by thermal processing of the corresponding polymeric precursors.
Cryogel-derived composites of carbon nanotubes and graphene-based materials
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with various oxides demonstrate outstanding mechanical properties and enhanced
electrical conductivity.

Keywords Freeze-drying synthesis ¢ Co-precipitation « Nanoparticle isolation ¢
Oriented porosity * Carbon cryogel
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FESEM Field emission SEM
GO Graphene oxide

HAP Hydroxyapatite

RGO Reduced graphene oxide

RF Resorcinol-formaldehyde
SEM Scanning electron microscopy
TEM Transmission electron microscopy

1 Introduction

The term “cryogel” was first introduced into the field of inorganic materials by
Klvana and Pajonk [1-3], who considered cryogels, together with xerogels and
aerogels, as one of the possible drying products of SiO,.nH,O- and Al,O5.nH,0-
based hydrogels. In their experiments, freezing and freeze-drying of wet gels were
used to avoid pore collapse due to the extreme surface tension effects of water
removal during atmospheric drying and to retain most of the tiny morphological
features of gels in the dried state. As the term “cryogel” is most commonly used in
papers on inorganic materials obtained by freeze-drying [4-6], it will be used here
to be consistent with previous studies in this field. Therefore, the first studies on the
synthesis of inorganic cryogels go back to the early 1970s [7-9], soon after the
discovery of the freeze-drying synthesis of inorganic materials from frozen aqueous
solutions by Landsberg and Campbell [10].

This “extended” approach, whereby a cryogel is considered as the freeze-drying
product of any frozen liquid—solid system composed of a freeze-driable solvent and
at least one solid inorganic substance or carbon, is rather close to the concepts used
in a number of recent papers on the synthesis and processing of inorganic materials.
None of these products are true gels; indeed, some of them have never been gels.
Nevertheless, most of these products have several common features that will be
described in this brief review. Following the well-known approach “It doesn’t
matter whether a cat is white or black, as long as it catches mice” [11], the review
will focus on the most interesting examples of cryogel applications in the synthesis
and processing of inorganic materials during the last 6-7 years.
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Many earlier studies on inorganic cryogels and the freeze-drying products of
frozen solutions were summarized in our previous monograph and review papers
[12-15]. A large number of papers on inorganic—polymer hybrids, composites, and
their biomedical applications are reviewed in other chapters of this volume. The
scope of this review is limited to cryogel-derived inorganic materials containing a
minor amount of polymer, and to the contribution of polymer properties to the
performance of the final composite or single phase material. Taking into account
the growing number of applications of carbon-based materials and the similarity
between the approaches to the synthesis of inorganic and carbon-based cryogels,
this new and promising kind of material and its structure will also be briefly
summarized.

2  Metal Oxide Cryogels

2.1 Cryogenic Polymer-Gel Synthesis

The only cryogel application in materials synthesis where true polymeric cryogels
always form is the low temperature modification of the Pechini method [16]. The
idea of various solution-based methods that aim to synthesize multicomponent
materials is to retain the chemical homogeneity of the starting multicomponent
aqueous solution during the process from solution to the final solid oxide material.
Usually, these methods are applied in order to reduce the synthesis temperature and,
hence, to reduce the grain size of as-obtained multicomponent oxide powders. In
the case of the Pechini method, the formation of a gel due to the polycondensation
of ethylene glycol and citric acid reduces the mobility of salt components and,
hence, prevents their separate crystallization during solvent evaporation. In spite of
the rather complex chemical processes occurring during the synthesis [17], the
Pechini method is simple and useful for laboratory applications. Usually, citric acid
and ethylene glycol are added to the aqueous solution of nitrates of the cations,
taken in a ratio corresponding to their proportion in the final oxide material.
Evaporation of the solvent by slow heating is accompanied by the formation of a
wet gel. Thermal decomposition of this gel followed by heat treatment at an
elevated temperature results in the formation of the final ultradisperse, often
nanocrystalline, oxide powder. One of the main disadvantages of this method is
the poor reproducibility of the ignition procedure, which often occurs
non-uniformly in various parts of the gel-like precursors [18].

Another solution-based method for material synthesis is based on the freeze-
drying of frozen aqueous solutions of components, followed by thermal decompo-
sition of freeze-dried precursors [10]. The nitrates of a number of cations that are
readily available and easily soluble in water are also used in this method. However,
freezing of the nitrate solutions of transition metals and rare earth elements or their
soluble complex compounds is accompanied by their vitrification [12]. Freeze-
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drying of these species often occurs at temperatures exceeding their glass transition
temperature, T, which results in their devitrification and the so-called collapse of
drying products, leading to a sticky viscous mass that is not useful for further
processing.

A combination of these two different approaches, namely the Pechini method
and freeze-drying of aqueous solutions, results in the “cryogenic polymer-gel
synthesis” method [18-26]. This method consists of three independent steps:
(1) gel formation, (2) freezing and freeze-drying, and (3) heat treatment, i.e.,
calcination. The procedure for preparation of the starting solution in this technique
resembles that of the Pechini method. Along with the traditional components such
as nitrate salts, citric acid, and ethylene glycol [19, 20], acetates can also be used
instead of nitrates [21, 22], and EDTA instead of citric acid as a complexing agent
[18]. The most variable component reported in the literature is the gel-forming
agent. In addition to the polycondensation products of ethylene glycol and citric
acid, several other soluble or gel-forming polymers or components can also be used,
such as the triblock copolymer P-123 [23], silane modified propylene glycol [21],
agarose, gelatin, poly(vinyl alcohol) [22], and even soluble starch [24, 25].

According to the cryogenic polymer-gel synthesis method, the gels formed at the
first stage are frozen and freeze-dried, during which the 3D network formed by the
soluble polymers remains intact. As a consequence, glassy mixed solutions of metal
complexes or salts are allocated within the mesh of the gel network so that they
cannot join to each other, even during drying at T > T,. The freeze-drying product
remains solid, irrespective of salt compositions, thus making it more suitable for
subsequent powder processing. The thermal decomposition of freeze-dried cryogels
containing significant amounts of organics is accompanied by internal redox reac-
tions and significant reduction of the formal phase formation temperature. This
flash-like thermal decomposition is useful for the synthesis of kinetically compli-
cated compounds like higher members of homological series. In this case, the easily
formed binary intermediates and the first members of homological series do not lose
their reactivity, as often occurs during the slow heating of precursors. In contrast to
Pechini-like precursors, thermal decomposition of freeze-dried cryogels occurs
more uniformly, thus promoting a better chemical and morphological homogeneity
of thermolysis products. The large difference in the specific molar volumes of the
precursor and decomposition product leads to a significant decrease in grain size
during thermal decomposition, as grain growth is limited by a short time and
reduced temperature of the heat treatment during thermolysis. Both these factors
make this method rather attractive for the synthesis of ultrafine and nanocrystalline
powders of individual oxides, their solid solutions, and complex oxide compounds.

As an example of this type of material synthesis, Fig. 1a shows a field emission
SEM (FESEM) image of a Co304 cryogel, synthesized using citric acid and P-123
as complexing and gel-forming agents, respectively [23]. The macroporous struc-
ture of Co304 consists of interconnected spheres of around 200 nm in diameter, as
also seen from the TEM image of the same sample in Fig. 1b. Each sphere forming
the internal structure is an assembly of many nanocrystals with a diameter of around
10 nm, introducing a mesoporous structure within the macroporous Co304 [23].
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Fig. 1 (a) FESEM and (b) TEM images of sintered Co3;04 cryogel samples. Reprinted from [23]
with permission from the American Chemical Society

2.2 Precipitated and Co-precipitated Cryogels

Another method for the preparation of multicomponent oxide materials via cryogels
is the co-precipitation process. In this process, multicomponent aqueous solutions
containing cations in the stoichiometric ratio required for the final material are
mixed with a solution of precipitant. This results in intense simultaneous precipi-
tation of the poorly soluble compounds, i.e., hydroxides, carbonates, or oxalates of
target cations. Due to the small but different solubility of the precipitates formed by
different cations, as well as due to the different rates of their precipitation from
solution, the first and the last portions of the precipitate are enriched by different
components. Although this nano-inhomogeneity was postulated a long time ago,
modern experimental methods like high resolution electron microscopy have
recently allowed the observation of this difference experimentally [26]. The prod-
ucts of co-precipitation are used mostly as precursors for the synthesis of complex
oxides by means of thermal decomposition. According to numerous experimental
results, the chemical inhomogeneity of the co-precipitation products at the
nanolevel is almost negligible for solid state reactions at elevated temperatures.
From a practical point of view, multicomponent cryogels are excellent precursors
for the synthesis of multicomponent oxide compounds.

Another essential feature of cryogel precursors is their low level of particle
agglomeration. Common atmospheric drying, especially at elevated temperatures,
usually results in the formation of undesirable interparticle bridges and formation of
dense and strong agglomerates that are retained in the course of further thermal
processing. Capillary effects during the removal of liquid water at atmospheric
pressure cause a substantial densification of the residue and a significant reduction
in the mean distance between separate particles due to elimination of largest pores.
Smaller distances between particles promote better grain growth during thermal
processing of precursors and as-obtained oxide powders.
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Both agglomeration and grain growth are undesirable for a number of applica-
tions of ultradisperse oxide powders obtained from co-precipitated precursors.
These problems can be solved by freezing of as-obtained residues followed by
freeze-drying. Removal of ice at low temperatures and reduced pressures hinders
the interparticle bridging process almost completely. Taking into account that
precipitation/co-precipitation results in the formation of nanosized residue particles
able to retain their size during further processing, cryogel synthesis is a useful
preparation method for multicomponent nanomaterials [26—63].

In the case of oxide solid solutions [28—31] or complex oxide formation [26, 32—
39], a high chemical homogeneity of the precursor promotes fast and uniform
formation of the target product during its thermal processing. However, even in
the case of non-reacting components, it was shown that cryogel synthesis is useful
for the synthesis of nanocomposites [27, 40-54]. It is also possible to synthesize
core—shell oxide particles by this method when precipitation of the components is
performed not simultaneously, but sequentially [55].

All these features are also attractive for the synthesis of solid-state catalysts for
various reactions in the gas and liquid state. The low thermal stability of silver and
noble metal oxides allows one to obtain the metal catalyst with oxide promoter
and/or support in a single synthesis. In this case, the starting gel contains hydroxides
of both components. Thermal processing of freeze-dried multicomponent cryogels
at 600—1,300° C causes the decomposition of Al hydroxides to oxides, whereas the
corresponding compounds of Ag [40—42], Pt, and Pd [43-45] are decomposed to
metals. The introduction of a carbon support into the starting multicomponent
solution, followed by liquid phase reduction by NaBH, or ethylene glycol and,
finally, freezing and freeze-drying produces PtNi and PtRh catalysts without addi-
tional heat treatment (Fig. 2) [27, 46, 47]. Similar methods can be used for the
preparation of free-standing PtAu nanoparticle catalyst [48] and well-dispersed
water-soluble CdTe quantum dots in montmorillonite clay host media [54].

Variation of the thermal processing conditions allows modification of the micro-
morphology of the particles thus formed, and ensures the maximum sinterability of
oxide powders in order to obtain dense functional ceramics at the lowest possible
temperatures [56, 57]. The absence of hard agglomerates in the starting powder is
crucial for the production of optically transparent, fully dense ceramics [33] that
can be used as the active body of solid state lasers instead of single crystals [58—
60]. The products of cryogel synthesis can also be used as templates in
topochemical reactions with easy melting components. When the reaction of
complex oxide formation is limited by diffusion of the mobile component into
the precursor particles, the size and the shape of the complex oxide particles can be
controlled by directed modification of the particles of cryogel precursor [61-63].

Similar approaches and methods have been applied to single component
cryogels. As the chemical homogeneity of the cryogel is not critical in this case,
the main reason to use cryogel precursors is to protect their unique micromorphol-
ogy during drying. In most cases, the cryogel precursors are used to obtain various
oxide nanoparticles, e.g., Co3;04 [23], CeO, [64], V,0s5 [65], and ZrO,
[66]. Cryogels of silica are widely used as sorbents or cryogenic thermal insulators
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Fig. 2 TEM images of two carbon-supported PtNi catalysts with different Pt:Ni ratios (/eft) and
particle-size distributions for the metal nanoparticles (right). Inset shows energy-dispersive X-ray
spectroscopy (EDS) spectrum for the Pt,Ni;/C catalyst. (From [27] with permission from Elsevier)

thermal insulators [15, 67-77]. In this case, the most important morphological
feature of silica gels protected during drying is their extended mesoporosity. Due
to the enhanced thermal stability of their architecture, cryogel-derived Al,O;
nanopowders can be used as excellent catalyst supports for high temperature
chemical reactions [75, 76].

The growing importance of photovoltaic applications has attracted attention to
TiO, cryogels. Along with TiO, hydrogels prepared by the hydrolysis of TiCly,
titanium butoxides, and propoxides [77, 78], titania nanoparticles can also be
obtained by acid leaching of BaTiO; [79, 80]. Careful selection of leaching
conditions allows preparation of TiO, anatase or rutile polymorphs. Moreover,
the relatively high density of TiO, nanoparticles, which complicates their applica-
tion in E-ink displays, can be reduced by the cryogel synthesis of hollow TiO,
nanospheres [78]. For this purpose, hydrated TiO, is precipitated on the surface of
poly(methyl methacrylate) or poly(butyl acrylate) spheres and, after freeze-drying,
the polymer core is removed by firing. Figure 3 shows SEM images of such TiO,
hollow spheres prepared by oven- and freeze-drying [78]. Many broken spheres
appear after oven drying but the cryogel synthesis method significantly reduces the
number of damaged spheres.
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Fig.3 SEM images of TiO, hollow spheres by (a) oven-drying and (b) freeze-drying. (From [78]
with permission from Elsevier)

Due to the excellent biocompatibility of calcium phosphate, its application as a
particulate cryogel has attracted interest for creating biocompatible substrates for
drug delivery and encapsulation of biomolecules [81]. Hydroxyapatite is one of the
best materials for the production of biocompatible ceramics. Prevention of hard
agglomerate formation during drying significantly enhances its sinterability and,
thus, the high morphological homogeneity of these powders permits reduction of
the sintering temperature [82]. Cryogel-derived microspheres of YPO, after the
conversion of stable *’Y to f-emitter *°Y by neutron irradiation become an efficient
instrument of local intra-arterial radiotherapy [83].

Synthesis of gold cryogels is similar to the corresponding procedure for
supported catalysts described above, and involves reduction of HAuCl, by
NaBH, solution followed by separation and freeze-drying of the obtained gold
particles. Despite significant catalytic activity of the nanocrystalline gold, recent
studies on these cryogels also show their plasmonic properties. Here, an important
option of the cryogel method is the possibility of functionalization of nanoparticles
in the course of their synthesis. The dried gold particles demonstrate a good
re-dispersibility and retain their plasmonic properties [84, 85]. The application of
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) as both template
and reducing agent instead of borohydride leads to branched gold nanocrystals [86].

2.3 Cryogels for Particle Isolation

One of the basic methods for investigation of chemical reactions is the analysis of
reaction intermediates by various physico-chemical methods. The best method for
such studies is analysis in situ, in real time, and in the real reaction environment.
However, in many cases, analysis in situ is complicated by the limitations of
analysis methods, e.g., the time of sample study may exceed the reaction time. In
order to overcome these limitations, a series of reaction intermediates should be
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isolated and preserved for further detailed study ex situ. In the case of solid state
reactions, usually performed at elevated temperatures, the isolation of intermediates
is mainly performed by quenching, i.e., fast cooling of the reaction mixture to the
temperature of reaction termination. In the case of precipitation reactions in aque-
ous solutions, similar quenching can be performed by fast cooling of the reaction
medium to liquid nitrogen temperature. Elimination of frozen solvent by freeze-
drying thus allows further investigation of reaction intermediates by various solid
state analysis methods. It was shown that this approach is useful in the study of the
formation and transformation of nanoparticles in aqueous solutions, such as TiO,
[87, 88], ZrO, [89], ZnO [90], and calcium phosphate and its derivatives [91, 92].

Hydrothermal processing of aqueous solutions is an efficient and widely used
preparation method for nanocrystalline individual and complex oxides. An essential
feature of this method is the high level of crystallographic ordering in the resulting
nanopowders. Although the applications of oxide nanoparticles mainly demand
crystallographically ordered species, many other chemical synthesis methods for
such nanoparticles often result in amorphous or poorly crystalline products. Ther-
mal processing of amorphous powders at elevated temperatures in order to enhance
their crystallinity is usually accompanied by significant agglomeration and grain
growth of nanocrystallites. Similar problems also exist in hydrothermal processing
during isolation of the nanocrystalline reaction products from the liquid reaction
medium. The high surface energy of these powders results in their significant
aggregation and agglomeration. Therefore, freezing and subsequent freeze-drying
are often applied as a final stage of the hydrothermal synthesis process to prevent
aggregation and agglomeration [93—101].

Another important example of a successful application of cryogenic approaches
to particle isolation concerns the separation of magnetic nanoparticles. Magnetic
properties of ferri- and ferromagnetic particles in the nanosize range depend
essentially on their size. The magnetization behavior of superparamagnetic, small
single-domain, and multidomain particles is substantially different. However, the
transition from superparamagnetic particle rotation to the domain wall movement
mechanism can occur during grain growth within a 100 nm size range. This
difference in magnetic behavior is essential for the biomedical applications of
magnetic nanoparticles and, therefore, has attracted growing attention during the
last few years. The influence of particle size on the magnetization behavior of
nanoparticles has an important role in their agglomeration processes. Depending on
the character and extent of the interparticle contact, the closely located magnetic
particles could demonstrate individual, mutually independent, or cooperative mag-
netic behavior. These particles are often produced and stored in aqueous or
nonaqueous suspensions but their detailed studies can only be carried out in the
solid state. Taking into account these features, isolation of magnetic particles by
freezing and freeze-drying of suspensions and magnetic liquids is widely used in
sample preparation for magnetic studies of such particles [102—108], as well as for
the investigation of other kinds of suspension-derived ultrafine solids [109, 110]. In
the case of hydrophobic particles and, hence, nonaqueous suspension media, the
continuous phase can be first substituted with another solvent having a moderate
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freezing point and a reasonable vapor pressure at this temperature [111], and then
frozen and freeze-dried [112].

Along with research-oriented isolation of nanoparticles, cryogel processing can
be an efficient powder-processing method for industrial and other large-scale
applications. The increasing use of nanopowders in industry creates growing
problems, first of all due to the contamination of production facilities and the
environment by the tiny, often harmful particles. This problem is especially impor-
tant for the nuclear industry, with its traditionally severe demands for industrial
safety. The processing risks of fine powders can be substantially reduced by their
granulation. Formation of micro- or millimeter-sized granules by spraying binder-
containing suspension into liquid nitrogen, freeze-drying, and thermal processing of
the product allows substantial reduction of dust formation [113]. Another positive
effect of granulation is the better flowability of granulated powders [114,
115]. Nanopowders usually exhibit enhanced adherence to the processing surfaces
and poor flowability due to the large internal friction caused by the enhanced
contact surface of nanopowders. The latter effect is especially important during
the production of dense ceramics from nanopowders because the internal friction
effects often cause significant internal stresses during the compaction of these
powders before sintering. Application of freeze-granulation is an efficient method
of solving this problem too [116, 117].

We have to note that the freeze-drying method may, in some cases, negatively
affect the product properties. For instance, it was shown that nanocrystalline zeolite
powder located in a mesoporous zeolite support by means of wet impregnation
followed by atmospheric drying exhibits significant catalytic activity in the reaction
of toluene dispropoportionation, whereas the activity of a similar composite
obtained by freeze-drying of the same precursors was much lower [118]. This
difference can be attributed to the additional mesoporosity created during atmo-
spheric drying due to the aggregation and agglomeration of zeolite nanoparticles.
As mentioned before, the cryogel method ensures the fixation and isolation of
individual particles during the drying stage, thus excluding, in the present case,
the positive effect of particle aggregation.

2.4 Cryogel-Derived Bulk Materials

One of the most efficient applications of cryogenic processing in the production of
ceramic materials is the freeze casting process. Common industrial methods to
ensure the uniform filling of the mold by ceramic powder during the production of
complex-shaped ceramics are based on the preparation of aqueous slurry containing
a large amount of polymeric additives. Elimination of these additives during the
subsequent thermal processing causes significant internal stresses in the ceramic
and promotes cracking. Application of polymeric cryogels provides a feasible
alternative to this traditional method. Thus, low temperature sol-gel transition in
the polymer solution during freezing of the mold, followed by thawing or freeze-
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drying, produces raw ceramics of high mechanical strength using much lower
amounts of polymeric additives [119-124].

Freeze casting can be performed with the application of natural polymeric
components like starch or gelatin [119], whereas modern industrial production
techniques mostly involve the use of aqueous solutions of polyvinyl alcohol or
polyvinyl acetate [125]. Preservation of complex-shaped porous preforms by
freeze-drying is used in advanced modern methods for forming complex 3D
structures such as nanoimprint lithography [126] and computer-driven layer-by-
layer casting (robocasting) [127]. In order to enhance the mechanical strength of the
raw cast after thawing, a freeze-gelation can be combined with the photopoly-
merization of soluble monomers or oligomers introduced into the slurry instead of
polymers [128]. Taking into account the large number of pores left after the
removal of frozen ice and the significant mechanical strength of raw casts, the
freeze casting method can be especially useful in the production of porous ceramics
[129]. The micron-sized pores formed due to the ice template are useful for
biomedical applications and for the production of biocompatible ceramic materials
[130-135].

The number of inorganic systems where low temperature sol—gel transitions are
also observed is rather limited. One such system is the aqueous silica sols forming
dense cryogels. When SiO,.nH,0 is introduced into the composition of raw
ceramic slurry, the amount of polymeric additives can be reduced significantly or
even neglected [50, 89, 136-139]. Modification of the porous structure of SiO,
cryogels allows the formation of porous materials with a density as low as
0.05 g cm ™ and with excellent thermal insulation properties at cryogenic temper-
atures [15]. The strengthening effect of hydrous alumina and zirconia cryogels is
less pronounced. However, if the wall thickness of the ceramic detail is large
enough and its shape is not too complex, it is possible to apply freeze casting
even in the absence of polymer or hydrous silica. In this case, removal of ice from
the frozen mold by sublimation becomes a necessary stage of the production
technique [123, 129, 140-147].

Another method of cryogel application in the production of ceramics is gener-
ation of tubular aligned pores in raw casts by means of directed crystallization of ice
followed by freeze-drying. It was found that freezing of ceramic slurry in a large
temperature gradient causes the formation of columnar ice crystals with diameters
of 2-3 to 70-80 pm and lengths up to several millimeters. Formation of these
crystals causes expulsion of the solid particles of suspension or slurry and their
accumulation in the interconnected space between the ice columns. Because the
size of solid particles is usually smaller than the diameter of ice crystals, freeze-
drying of such samples followed by soft sintering in order to ensure their mechan-
ical strength results in the formation of ceramics with bimodal porosity. Along with
large columnar pores in place of oriented ice crystallites, these materials also
contain randomly distributed submicron-sized pores or mesopores left by the tiny
ice crystals formed between ceramic particles in the column walls [148—151].

Studies on directed crystallization also show that the most important external
factor determining the character of ice crystallization and ceramic particle
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distribution is the displacement velocity of the interface between the frozen body
and the liquid [152-156]. When this velocity is lower than a critical value, ice
crystallization causes the expulsion of solid particles in front of ice crystallites. On
the other hand, too high a displacement velocity causes the fragmentation of the
crystallization interface, loss of the orientation of ice crystals, and disordered
distribution of solid particles. The main factor determining this velocity is the
temperature gradient. The thickness of the ceramic walls, along with the concen-
tration of slurry, also correlate with the displacement velocity. In order to retain the
order and the spatial orientation in this system, the size of ceramic particles should
be considerably smaller than the diameter of ice crystals. The lower concentration
limit of solid particles in suspension is determined by the demand for mechanical
strength of the sample after freeze-drying and is close to 5 mass%. A concentration
of solid particles above 55 % usually results in significant interactions between the
particles in suspension, causing the formation of lateral bridges between nearest
walls and closing the columnar pores.

Taking into account the fact that these features of crystallization process are very
similar for different ceramic materials, a number of ceramics with oriented porosity
have been obtained recently [146, 157—-167]. The bimodal porosity with large
longitudinal pores and numerous mesopores in the pore walls is very suitable for
catalyst supports for gas phase reactions. Large oriented pores ensure rapid trans-
port of gaseous reagents, while the mesopores in the pore walls are an ideal location
for catalyst nanoparticles in order to ensure their maximum exposure to reagents
[168—171]. Similarly to the cryogel synthesis of individual particles, the directed
crystallization method also produces metal catalysts on oxide supports in the same
synthesis run [172, 173].

The porosity features of ceramic materials prepared by directed ice crystalliza-
tion are also useful for the development of biomaterials. Since the size of the pores
can be varied by changing the crystallization conditions, the materials are suitable
for the synthesis of ceramic scaffolds. The oriented character of the porosity leads
to an anisotropy in the mechanical properties of such ceramics that is similar to the
anisotropy of natural bones [132, 174—178]. The most significant progress in this
direction was achieved by the development of hydroxyapatite (HAP) ceramics with
a compression strength close to that of natural bone [179], and also by the devel-
opment of tough Al,O3;-PMMA layered nacre-like composites [180].

3 Carbon Cryogels and Related Materials

3.1 Polymer-Derived Cryogels

The most common synthesis technique for carbon cryogels from polymer pre-
cursors is based on their thermal processing in a non-oxidizing atmosphere, usually
argon or nitrogen, at 800—1,000 °C. The polymer precursor is mainly synthesized by
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Fig. 4 SEM images of resorcinol-formaldehyde cryogel, aerogel, and xerogel obtained by (a)
freeze-drying, (b) critical extraction with liquid carbon dioxide, and (c) heating in an inert
atmosphere, respectively. (From [185] with permission from Elsevier)

the polycondensation of resorcinol and formaldehyde in aqueous solutions in the
presence of a basic catalyst, usually Na,COj3. Further processing of as-obtained
polymer hydrogel by freezing and freeze-drying results in the formation of a
polymer precursor with micron-sized pores formed by ice crystallization. Thermal
processing of the precursor at elevated temperatures results in, along with the
carbonization of polymer, the formation of a number of mesopores in the walls of
larger pores. The essentially bimodal character of the porosity makes this material
similar to metal oxide cryogels [181-185].

It was shown that the method of drying of resorcinol-formaldehyde (RF) gels
influences the morphology of the resulting networks as well as their carbonized
derivatives [185]. Figure 4 shows SEM images of RF cryogel, aerogel, and xerogel
obtained by freeze-drying, critical extraction with liquid carbon dioxide, and
heating in an inert atmosphere, respectively. RF-derived carbon xerogel has the
most compact structure with the lowest specific surface area (<900 m* g~ '). The
corresponding carbon aerogel exhibits an intermediate value for the surface area
(ca. 1,000 m* g~ '), while the carbon cryogel has the highest surface area
(>2,500 m* g~ ") [185]. The micromorphology of carbon cryogels can be varied
by changing the ratio of the components and by the conditions of polycondensation
as well as by the freezing and thermal processing conditions. By careful selection of
these parameters, one may obtain carbon cryogels with a specific surface area of up
to 2,000 m? g*1 [186]. In recent years, considerable efforts have been made in the
search for inexpensive and environmentally friendly precursors for the preparation
of carbon cryogels, including natural substances like tannin [187-191].

Most of the applications of polymer-derived carbon cryogels are based on their
high specific surface area. These materials can be used as an efficient catalyst
support in a non-oxidizing environment [192-196] or as sorbent for a number of
organic species [186, 197-199]. A combination of high specific surface area with
good electronic conductivity makes carbon cryogels a promising electrode material
for electric double-layer supercapacitors [200-206]. The application of furaldehyde
instead of formaldehyde in the polycondensation reaction provides modification of
the carbon surface by nitrogen-containing groups [203, 204]. This modification
leads to a significant improvement in capacitance of the N-modified carbon elec-
trode due to the better wetting of the carbon surface by electrolyte and additional
electrochemical processes on the electrode surface.
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Carbon cryogels exhibiting low density, good electronic conductivity, and
significant flexibility are also very useful for the development of composite anodes
for lithium-ion batteries, because the electrochemically active components of the
batteries often suffer from significant volume expansion and related integrity loss
during electrochemical cycling [207, 208]. The mechanical strength of carbon
cryogels is often insufficient for a number of applications. This problem can be
solved by the reinforcement of cryogels using ultradisperse particles and fibers of
other substances that can be introduced at the early stages of polymer precursor
synthesis [206, 209, 210]. A similar approach can be used for modification of the
sorption properties of carbon cryogels by creating a composite with zeolites [211],
while the electronic conductivity can be further enhanced by the introduction of
graphene colloid into the starting mixture for RF polycondensation [212].

3.2 Carbon-Based Particulate Materials

Cryogenic processing of carbon-based nanomaterials appeared during the last two
decades is similar to the processing of their oxide counterparts. The two main tasks
solved by freezing and freeze-drying of carbon-containing suspensions are the
isolation of nanoparticles from the dispersion medium and the directed formation
of 2D and 3D structures from these particles. In the preparation of carbon-based
nanomaterials, since supercritical drying is applied more frequently than freeze-
drying, the products of freeze-drying are also often called “aerogels.”

Taking into account the fact that, in many studies, single-layer graphene
nanosheets have not been isolated and investigated, it is more reasonable to call
them “graphene materials” [213]. Graphene-based cryogels have been prepared by
the reduction of exfoliated graphite oxide [214-217] by templated chemical vapor
deposition (CVD)-based synthesis from CH, on MgO catalyst [218], and by
ultrasonic agitation of flake graphite in a specially selected nonpolar solvent
[219]. It seems that the latter kind of cryogel is closest to graphene nanomaterials
because true graphene consisting of carbon atoms should be hydrophobic [220].
Re-dispersibility of the other cryogel products in water could be realized by the
oxidation of their surface. However, some of these cryogel-based materials dem-
onstrate outstanding functional properties, such as a specific surface area of over
2,000 m* g~', high methane storage capacity [218], high electrochemical capaci-
tance in aqueous alkaline electrolytes [214], and good electrochemical performance
as anode material of Li-ion batteries [217].

Increasing application of graphene oxide as a precursor for graphene-based
materials has revealed a number of interesting properties of the reduced graphene
oxides and the poorly conducting but hydrophilic graphene oxide. First of all, the
graphene oxide-based materials (GO) have enhanced sorption activities [221-223]
and good catalytic properties [224, 225]. They are usually obtained by the oxidative
exfoliation of graphite, while their subsequent reduction results in the synthesis of a
number of reduced graphene oxides (RGO) of different C:O ratios. Both GO and



Inorganic Cryogels 237

RGO form stable cryogels suitable for unidirectional ice crystallization [173, 221,
223]. As-obtained 3D porous monoliths are good supports for the nanocrystalline
gold and silver catalysts [173].

Cryogenic processing is often applied to the preparation of carbon nanotubes
(CNT) in their purification stage. These nanoparticles are usually obtained by
means of catalytic decomposition of hydrocarbons. The application of CNTs
requires separation of metal catalyst by acid dissolution, followed by careful
washing of the reaction products. Separation of the different kinds of nanotubes
that often grow simultaneously during CVD is also performed in the liquid phase.
Air drying of as-obtained CNT suspensions results in significant aggregation of
nanotubes, whereas freeze-drying yields re-dispersible, free flowing powders [226—
229]. Due to the high mechanical strength of CNTs, the synthesis of solid CNT
foams using the same approach results in the formation of stable porous frame-
works with variable porosity, especially when a small amount of polymer binder is
added [230-233]. Good electrical conductivity of these materials makes them
suitable electrode material for proton-exchange membrane fuel cells [230, 233].

Both CNTs and graphene-based particulates are well-known as efficient con-
ductive dopants. Cryogel synthesis of composite electrode materials with these
nanocrystalline components causes considerable improvement in the electrochem-
ical performance of Li-ion battery anode materials, which often suffer from insuf-
ficient electronic conductivity and the loss of electrical contact between particles
[234-237]. Corresponding enhancement of the electrochemical capacitance and
rate capability is also observed for supercapacitor electrodes made of “carbon—
carbon” composite formed by CNTs and a small amount of reduced graphene oxide
[238]. Along with a better electrical conductivity, the introduction of 1 vol%
multiwalled CNTs could significantly enhance the fracture toughness of
hot-pressed dense alumina ceramics [239]. It is essential in all these cases that the
surface of CNTs should be first oxidized in order to ensure good contact with the
oxide ceramic matrix. The Vickers microhardness and mechanical wear resistance
of copper-based metal matrix composites obtained by spark plasma sintering can
also be improved significantly by adding 4 % of double-wall CNTs [240], while the
corresponding thermal conductivity values decrease compared with pure copper
[241]. Along with doping of other components, the CNTs can also be doped by the
cryogel method. In this case, CNTs have been filled with CdCl, solution under
vacuum and carefully washed. Further processing of the freeze-drying product in
H,S environment results in the formation of nanocrystalline H,S inside the
nanotubes [242].

4 Conclusions

The different materials reviewed in this chapter demonstrate several synthetic
strategies in which the cryogel method can be successfully applied. Two basic
features of cryogel synthesis make this method useful in different situations: the
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high chemical homogeneity of the multicomponent precursors, and the easy control
of product porosity at macro- and meso-levels. Additional advantages of cryogenic
methods in materials synthesis and processing include the availability of industri-
ally produced freeze-drying equipment, which makes it simple and easy to scale up
synthetic processes developed at the laboratory scale. In spite of 40 years of history
of cryogel synthesis, it remains a modern, useful, and efficient tool for materials
scientists and engineers.
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Abstract Cryogels are formed in a semifrozen state when the solvent is frozen, but
solutes are still soluble. The ice crystals are porogens and, upon thawing the system,
pores appear where the frozen solvent was found earlier. Such gels have large pores,
are elastic, and offer interesting opportunities in biotechnology. Cryogels with their
large pores can meet demands that traditional chromatographic media cannot. This
also opens up opportunities for the separation of cells because upon passage
through the gel cells may interact with specific groups on the pore walls, thereby
becoming retarded and/or captured. A range of applications have been studied:
isolation of microbial cells, capturing of cancer cells, and use of cryogels as
matrices for immobilized cell reactors. Furthermore, the robustness of the gels
allows new applications, for example in environmental separation.

Keywords Cell chromatography ¢« Immobilized cells » Molecular imprinting * Cell
bioreactors « Composite cryogels

Abbreviations

AAm Acrylamide

BSA Bovine serum albumin

ECS Extra capillary space

HFR Hollow fiber reactor

HMs Heavy metal ions

HSA Human serum albumin

ICS Intra capillary space

IDA Immuno-diacetic-acid

MIP Molecularly imprinted polymer
MPG Macroporous gel particle

NIP Non-imprinted polymer

NIPA N-Isopropyl acrylamide
PAAm Polyacrylamide

PEG Polyethylene glycol

PHEMA Poly(2-hydroxyethyl methacrylate)
PVA Polyvinyl alcohol

SEM Scanning electron microscope

1 Introduction

Polymeric materials play essential roles in the life sciences. The supermacroporous
cryogels were first used for immobilization of microbial cells [1], but later found
many new and exciting applications [2]. Their high porosity combined with very
good biocompatibility, mechanical strength, and ease of preparation are reasons
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why cryogels are becoming popular in several sectors of life science research and
development.

Use of chromatographic supports is frequent in many different subdisciplines of
the life sciences. One may then ask, why should cryogels be used? There are several
properties of these gels that make them well suited to meet some of the challenges
that bioseparation and other aspects of life science are facing.

Cryogels are supermacroporous materials with a network of interconnected
pores of diameters from a few micrometers up to 100 pm. This makes such
structures attractive when dealing with particulate-containing fluids such as crude
cell homogenates or even cell suspensions. Furthermore, it is possible to produce
cryogels without use of toxic chemicals, and the gels may be produced from
biocompatible polymers.

The high porosity may also be advantageous when cells are kept within such
gels, since it gives good mass transport of substrates to the cells and waste products
from the cells. This can apply to cell separation, cell adsorption, and even cell
immobilization. A special aspect of the latter is cell culture for use in tissue
engineering.

Cryogels may be produced as beads, but more frequently they are in the shape of
monoliths or sheets. The gel structure is normally elastic and spongy, which makes
it possible to use such monoliths in column operation without any leakage along the
column walls. A column is used with a slightly smaller inner diameter than the outer
diameter of the cryogel; the elasticity helps to tighten the column along the walls.
The elasticity makes it possible to use cryogels for protein separation by letting the
target protein bind to a cryogel in its “native” form, and then compressing the gel
before elution. This leads to elution in a smaller volume and, thus, to an increased
concentration of the recovered protein. A twofold increase in concentration has
been obtained [3].

The large pores of cryogels contribute to a relatively small inner surface of such
structures and, thus, a lower capacity than reported for conventional chromato-
graphic materials.

It should be stressed that one can produce cryogels in many different shapes.
There are, however, some limitations with regard to size. Since the production is
based upon freezing and subsequent polymerization, it is problematic to generate
homogeneous cryogels if larger dimensions are used. Up to 20-25 mm thickness is
regarded as acceptable; above that, inhomogeneities will disturb the picture. If one
wants to use wide columns, then the cryogel is produced as sheets that are stacked
on top of each other. It has been demonstrated that scaling up from small column
chromatography to a large column composed of stacked sheets is easy and that the
performance is as predicted. Furthermore, no material is lost between the different
sheets.
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2 Materials Used for Formation of Cryogels

There are a range of different materials that can be used when cryogels are applied
in biotechnology. Most commonly used are polymers based on acrylic building
blocks that are polymerized in the semifrozen state. Cryogels formed from
pre-made polymers are also described, e.g., polyvinyl alcohol (PVA), chitosan,
and agarose. Biocompatibility, ease of biodegradation, mechanical robustness, and
the ability to be chemically modified are some of the reasons governing the choice
of such polymers for different applications.

2.1 Introduction of Functionality in the Cryogel

The polymer backbone is often rather inert. In order to make it useful for separation
purposes one needs to introduce functionalities. This can be done by adding specific
monomers to the mixture that is to be polymerized, or one can introduce function-
ality afterwards. A third variant is to add particles with functionality and they
become incorporated into a composite cryogel.

When monomers with desired properties are available, it is a very convenient
mode of operation to simply add such monomers to the reaction mixture. One can
then also try to control the properties of the final product by varying the proportions
of different monomers. Many examples in this chapter are based on this approach.
Thus, ion-exchange cryogels can be produced, as well as cryogels with epoxy
groups that later can be used for introducing ligands that may be too labile to
withstand the polymerization procedure. Cryogels built from pre-made polymers,
e.g., PVA and agarose, are most often modified after the gel has been formed.

3 Entrapment of Cells

An early development in the area of utilization of cryogels in biotechnology was
immobilization of microbial cells in PVA gels that were produced via repeated
freeze—thaw cycles [4]. The first reports indicated that high viability, good mass
transfer, and mechanical stability were obtained. The gels were elastic and could
therefore be used repeatedly. Table 1 lists some of the reports on cryogels with
immobilized biocatalysts (microbial cells and/or enzymes).

When immobilizing microbial cells it is often advantageous to start with a spore
suspension and then activate the dormant organism after immobilization. This has
clearly been demonstrated for Clostridium acetobutylicum [39], but also with
spores from Rhizopus oryzae [8, 9]. In this latter case, the fungus was cultivated
within PVA cryobeads. The catalyst was used for production of L-(+) lactic acid,
and it was reported that the immobilized cells had a higher resistance to high
concentrations of lactic acid that otherwise would inhibit cell metabolism and
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Table 1 Immobilized microorganisms and/or enzymes in cryogels, listed according to application

Cell Product Comment References
Production of chemicals
Kluyveromyces marxianus Ethanol PVA gels compared to alginate [5]
PVA-cryogels were supe-
rior in continuous or
semicontinuous operation
Clostridium acetobutylicum Acetone-butanol-  Algal biomass was converted  [6]
ethanol (ABE) into biofuel. Different algal
species gave different prod-
uct profiles
Corynebacterium glutamicum [ ysine PVA-cryogel [7]
Rhizopus oryze Lactic acid - [8, 9]
Humicola lutea Acid proteinase Entrapped spores were germi- [10]
nated. Entrapment in PVA
together with N,N-
'-methylenebisacrylamide
and PEG
Acidithiobacillus ferrooxidans Oxidation of Fe** PVA-cryogel [11]
Bacillus agaradhaerens B-Cyclodextrin Integrated immobilized cell- [12]
reactor adsorption system
Aspergillus sp. Extracellular Repeated use of immobilized  [13]
enzymes preparation showing high
productivity
Bacillus pumilus Prednisolon Immobilized in PVA-cryogel  [14]
produced by radiation
polymerization
Bacillus subtilis Proteinase Repeated batch processes [15]
Saccharomyces sp. Beer Cells immobilized in [16]
PV A-particles
Escherichia coli Biodegradation of Recombinant cells in [17]
organophos- PVA-cryogel
phate
neurotoxin
Arthrobacter globiformis Dehydrogenation  — [18]
of steroids
Aspergillus clavolans Ribonuclease Bubble column bioreactor [19]
Champagne yeasts Champagne - [20]
Enzymes
Laccase Treatment of apple Improving juice quality by [21]
juice treatment with immobilized
laccase
Proteases Hydrolysis of Proteases immobilized in albu- [22]
proteins min/chitosan gel
Naranginase Debittering of Enzyme immobilized in [23]
juice PVA-cryogel
Acetylcholineesterase + PEG- Analysis of Co-immobilized enzymes [24]

modified choline oxidase

acetylcholine

(continued)
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Cell Product Comment References
Chymotrypsin Enantioselective ~ In water-poor media [25]
hydrolysis
PEG-modified glucose Analysis of Entrapment of PEG-enzyme [26]
oxidase glucose
Lipase (porcine) Enantioselective ~ Enzyme covalently [27]
hydrolysis immobilized in
PVA-cryogel
Lipase from Mucor sp. Synthesis of esters, Enzyme in PVA [28]
etc.
Environmental applications
Rhodococcus sp Petroleum Using fluidized bed reactor. For [29]
remediation degradation of alkanes and
2-3-ringed polycyclic aro-
matic hydrocarbons
Mixed culture Wastewater - [30]
remediation
Rhodococcus sp. Oxidation of Immobilization via adsorption  [31]
hydrocarbons on hydrophobized poly
(acrylamide) cryogel
Rhodococcus sp. Soil contaminated Improved survival rate with [32]
with crude oil cryogel-immobilized cells
Mixed culture Diesel-contami- PVA-cryogel [33]
nated soil
Basic study Atrazine in water PVA-cryogel [34]
Analytical applications
Glucose analysis Glucose oxidase Enzyme immobilized in albu-  [22]
min/chitosan gel
Pseudomonas putida Detection of Clark electrode used for [35]
phenol detection
Pseudomonas sp. Detection of Clark electrode [36]
proline
E. coli Detection of pH-glass electrode [37]
organophos-
phorus
neurotoxins
Photobacterium fischeri Toxicity Phenol-containing water [38]
assessment

eventually turn off the process. This observation is important since many reports in
the literature on lactic acid production clearly indicate that the inhibition from
increasing concentrations of lactic acid is a major hurdle to overcome in develop-
ment of an economically viable process [40].

Entrapment of spores were also used when Humicola lutea was immobilized in
PVA crosslinked via N,N'-methylenebisacrylamide with or without added PEG. It
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Fig. 1 Scanning electron micrograph (SEM) images of different immobilized cell preparations.
(a) Yeast cells immobilized into pore walls of dextran cryogel and designed inside a protective
plastic core (from [41] with permission). (b) E. coli cells attached onto the surface of ion-exchange
PAAm cryogel column (from [42] with permission), (¢) E. coli cells entrapped into agarose and
introduced onto the surfaces of PAAm cryogel monolith through the “double-freezing” approach.
(d) E. coli cells entrapped into PVA and formed inside the interconnected pores of PAAm cyogel
monolith through the “double-freezing” approach (from [41] with permission). (e) Yeast cells on
the surface of an ion-exchange PAAm cryogel monolith. (From [43] with permission)

was clearly shown that the entrapped preparation was more stable and produced
acid proteinase during more cycles as compared to free cells. Furthermore, the
presence of PEG increases both the productivity and stability of the process [10].

Microbial cells that are entrapped can be more stable to drying and storage. In a
study using double polymer networks (see Sect. 8.3 for details on the technique), it
was possible to retain a high percentage of activity, even for up to 7 months of
storage at 22 °C (Fig. 1) [41].

Besides entrapment, cells may also be adsorbed or grow in an adhesive mode
[31, 44]. This latter situation might be advantageous from the mass transfer point of
view, but there is larger risk of leakage of cells from the preparation. The same rules
are valid for immobilizing cells in cryogels as for situations when other matrices are
used. The only feature that differs is that cryogels have very large pores and will
thus allow loading of cells after the gel is formed. Table 1 lists some of the
processes studied with cells immobilized in cryogels.
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4 Cryogels Built from Crosslinked Cells

The formation of cryogels is based upon the fact that when an aqueous solution
freezes, the solutes and suspended material will be expelled and concentrated in the
interstitial space between the ice crystals (a process known as cryo-concentration).
When particles are in the presence of a crosslinking agent it is possible to crosslink
them, thereby creating the walls in a cryogel (Fig. 2) [45, 46]. This technique was
used for making cryogels with a high density of cells in the solid phase and, at the
same time, having good conditions for mass transfer of substrates and products to
and from the cells. It was possible to obtain cryogels with good mechanical
properties by the crosslinking. When glutaraldehyde was used as crosslinking
agent, the cells lost their viability. These preparations were, however, suitable for
bioconversion processes when only one or a few enzymes were involved.
Cryostructured Clostridium acetobutylicum were produced with the idea of pro-
ducing butanol. In order to obtain viable cells, new macromolecular crosslinkers
had to be produced [47]. The cryogels made from viable cells were more efficient
and reached higher product concentrations than a corresponding amount of cells in
suspension [48]. Interestingly, it was possible to form a cryogel by crosslinking
human red blood cells (Fig. 3). Such preparations might have applications as
autologous scaffolds for tissue engineering [49].

S Continuous Cell Seeding

When immobilized cells are growing and dividing, they will ultimately start to
release free cells into the medium. This has often been regarded as a drawback, but
it can also be utilized for continuous seeding with new cells.

6 Mammalian Cells in Cryogels as Bioreactors

Cultivation of mammalian cells is very much dependent on an efficient exchange of
substrate and products to/from the cells. Therefore, open structures are attractive for
cultivation of such cells. Much work has been done on cultivation in 2D format, but
if the system is for efficient production of, e.g., biopharmaceuticals, then cultivation
in 3D format is needed. Different types of microcarriers have been used success-
fully in gently stirred tanks. Initially, just the surface of the microcarrier was used,
but developments on porous networks are now providing good 3D environments for
mammalian cells to grow [50, 51].

It is attractive to use packed-bed bioreactors when utilizing mammalian cells
growing in an adhesive manner. Cryogels seem appropriate for this due to their
open structure, good flow properties, and possible surface chemistry. Small gel
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Fig. 2 SEM images of gels prepared from N-isopropyl acrylamide (NIPA) or bacterial suspen-
sions. (a, b) Prepared gel of a 5 % (w/v) NIPA particle suspension at —12 °C that was crosslinked
with 20 pL glutaraldehyde, shown at low and high magnification. (c¢) Prepared gel of a 10 % (wet
weight/volume) C. saccharolyticus suspension at —12 °C that was crosslinked with 10 pL
glutaraldehyde. (d) 15 % (wet weight/volume) C. saccharolyticus and S. cerevisiae suspension
(ratio 10:1 w/w) crosslinked with 10 pL glutaraldehyde at —12 °C; arrow indicates S. cerevisiae
incorporated into the structure. (e) 10 % (wet weight/volume) E. coli gel. (f) 15 % (wet weight/
volume) Ralstonia eutropha gel; both samples (e) and (f) were prepared by crosslinking with 10 pL
of glutaraldehyde. All gels were prepared in 1 mL batches (From [45] with permission)

plugs with modified surfaces for use as efficient cell culture media have been used
in continuous processing for production of urokinase (Figs. 4 and 5) [52] and
monoclonal antibodies [43, 53]. In this latter study, cryogel that was surface
modified (also within the pores) with gelatin was produced within plastic housings
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Fig. 3 SEM of cryogel prepared by crosslinking bovine blood diluted with phosphate-buffered
saline, shown at low (/eft) and high (right) magnification. The pores are replicas of the ice crystals,
and the individual blood cells are clearly seen in the walls. (From [49] with permission)

ICS media
reservoir

HT1080 cell culture in HFR

Filter
| R Pure
d > urokinase
Benzamidine Bound preparation
Sepharose urokinase eluted
ECS media column with 0.05 M
reservoir Glycine.HCl,
t pH 3.0
Recycling of
media

Fig. 4 In situ recovery of urokinase from HT1080 cells growing in a hollow fiber reactor (HFR).
Benzamidine Sepharose column is used to capture urokinase from the media circulating through
the extracapillary space (ECS). A separate media reservoir is used to circulate media through the
intracapillary space (ICS)

(see Sect. 10 for more details). The dimensions of these housings were 9 mm in
diameter and 7 mm long. By packing such particles into a column, seeding with
hybridoma cells, and feeding medium continuously, it was possible to establish a
continuous production of monoclonal antibodies. Crucial factors to keep under
control are enrichment of ammonia and/or lactate in the medium. The cells are
sensitive to increased concentrations of these metabolites. Therefore, it was also
evaluated whether one could replace glutamine (a common component of cell
culture media) with a-ketoglutarate, which does not have any nitrogen atoms but
can be converted into glutamic acid via one enzymatic step, thereby capturing one
ammonium ion; later it can be converted into glutamine by taking up one more
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Fig. 5 SEM pictures of (a) human kidney cell line HT1080 and (b) HT116 human colon cancer
cell line grown on gelatin-AAm cryogel scaffold for 18 and 15 days, respectively. The sections
were taken at different places inside the gel

ammonium ion. The results were encouraging, with a high productivity of mono-
clonal antibodies, almost equal to that of the best optimized medium. Most studies
on culturing of mammalian cells are devoted towards tissue engineering, which is
outside the scope of this review.

7 Chromatographic Separation of Particulate Matter

7.1 Cells

Compared to separation of soluble biomolecules, cell separation presents some
additional challenges. Cells have surfaces where many points of possible interac-
tion with an affinity matrix are present. This means that when a cell comes into
contact with a solid support, several interactions may take place simultaneously, or
within a very short time frame. That, in turn, leads to a much firmer binding than
can be expected on the basis of the strength of the individual binding. The result of
this is that cells get stuck on the column and are very difficult to elute out in viable
shape. This has been the situation when columns packed with chromatographic
beds have been used with the intention of separating cells.
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Fig. 6 SEM photograph of supermacroporous anion-exchange matrix with bound E. coli cells.
The magnification is indicated by the scale bar. The sample was fixed in 2.5 % glutaraldehyde in
0.15 M sodium dodecylate buffer pH 7.2 overnight, postfixed in 1 % osmium tetroxide for 1 h,
dehydrated in ethanol, and critical point dried. The sample was then coated with gold/palladium
(40/60) and examined using a JEOL JSM-5600LV scanning electron microscope. (Reproduced
from [54] with permission)

When using cryogels, a much more open structure is used, which reduces the risk
that cells will be bound from different angles. However, in cryogels also, there is a
risk for too-strong binding. One mode of operation would be to operate with very low
substitution on the gel matrix. This is a sensitive issue since a too low a degree of
derivatization would lead to no capturing of cells at all. Since the firmness of binding
to some extent is a function of time, it is possible to modulate the time of contact and
thereby facilitate release of bound cells. Another mode of operation is to work under
conditions where binding is weakened, e.g., by modulating the pH or by adding a
competing ligand in free solution that may interact with the cell surface, thereby
blocking, or at least reducing, the possibilities for optimal binding to the support.

Cells have been separated on cryogels. The initial studies were carried out on
bacterial cells because they are robust and easier to handle than mammalian cells. In
this context, it needs to be stressed that the diffusion rate of cells is extremely low.
In order to facilitate binding of cells to the adsorbent, the flow through the column
was stopped for a short time before continuing the buffer flow.

In initial studies to demonstrate that it is possible to capture cells and then
successfully harvest them, an anion-exchanger was used [54]. The monomers
used for producing the cryogel were acrylamide, N,N'-methylenebisacrylamide,
and the charged monomer 2-(dimethylamino)ethyl methacrylate. The concentration
of charged groups in the final cryogel was approximately 1,000 pmol of tertiary
amino groups per gram of dry gel. A gel matrix of 5 mL constituted one column,
and initially a trial was made to verify that microbial cells could pass through the
gel. The eluting medium was HEPES buffer, 20 mM pH 7.0 containingl M NaCl.
The high concentration of salt was sufficient to suppress electrostatic interactions.
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This led to a recovery of more than 95 % of the cells in the eluate from the column.
The cells were eluted in a wide peak. To evaluate whether the broadness of the peak
was due to heterogeneity among the cells, fractions were collected at the beginning
of the peak and towards the end of the elution. Both fractions showed an identical
elution pattern when re-chromatographed. This means that the peak broadening was
not ascribed to a heterogeneous population of cells, but rather that cells were
somewhat retarded during passage through the column.

However, when applying Escherichia coli cells at low ionic strength, the cells
were captured and then eluted with 0.35-0.40 M NaCl. Recovery of 70-80 % was
obtained. Viability tests showed full viability. The SEM photo in Fig. 6 shows that
the cells were evenly distributed on the gel surface. It is interesting to observe that
the cells are attracted to the plain surfaces and are not held by mechanical entrap-
ment in “dead-flow” zones.

Studies were also carried out using immobilized metal affinity chromatography.
A strain of E. coli with histidine on the surface was passed through iminodiacetic
acid gel (IDA gel). Cells were captured and could not be eluted with high salt
concentrations; up to 1.6 M NaCl was tested. However, imidazol or EDTA released
the cells with a recovery yield of approximately 80 % [55].

Separation of different cells was carried out using an IDA gel. Two different
organisms were used, E. coli and Bacillus halodurans. These two species were
chosen since it is possible to detect one in the present of the other because
B. halodurans grows at pH 10, which is not so for E. coli. Thus, by plate-counting
on plates with different pH values, one could get a clear picture of the distribution
of cells in the different fractions collected after chromatography [55]. The
B. halodurans cells have increased amounts of acidic and hydrophobic amino
acids on the surface, and therefore it was not expected that this cell type would
bind well to the IDA column. The results confirmed this; most of the B. halodurans
cells came in the flow-through peak whereas the E. coli cells were retarded on the
gel and could be eluted afterwards. In all cases, good yields (80 % and upwards) and
viability in the same range were observed.

If cells have relatively similar surface structures, then it may be advantageous to
first specifically modify one group of cells that will be separated from the other. In
the case of lymphocytes, B and T cells have many similarities, but differ in the fact
that T cells have immunoglobulins on their surfaces, whereas B cells excrete
immunoglobulins. By exposing the mixed cell population to a goat antibody
directed against human IgG it was possible to add a separation handle on the B
cells. When passing such a preparation through a cryogel with immobilized
protein A, binding between protein A and the Fc-region of IgG took place and
those cells with goat-anti-human-IgG on their surfaces were retarded, whereas the T
cells passed through without being retarded. After proper washing, the captured
cells were released by a pulse of dog IgG, with a yield of cells in the range of 80 %
and a similar figure for viability (Fig. 7) [56].

The multipoint attachment of cells to the surface of the adsorbent is a real
problem when developing chromatographic separation. After the cells have
attached via a few interactions, more binding takes place that makes it difficult or
even impossible to elute cells in a viable form. During elution, some interactions
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Fig. 7 Fractionation of 10 COLUMN PERFORMANCE
human peripheral blood

lymphocytes before and 80
after passage through the
SUpErmacroporous
monolithic cryogel-Protein
A column. Lymphocytes 2
(1mL, 3.0 x 107 cells/mL) 1
were treated with goat anti- 0
human IgG (H + L) and

applied on a 2 mL cryogel-

Protein A column. The cells
bound on the column were
released with 2 mL of dog

81

60

40

ERCENTP

Before After
FRACTIONATION

B-lymphocytes T-lymphocytes
IgG (30 mg/mL). ) Binding: 91% Breakthrough: 81%
Reproduced fi 56] with
( eproduced from [56] wi Recovery: 70% Viability: >90%
permission) Viability: >80%

will break whereas others remain. Since it is a dynamic process, there may always
be some interactions keeping the cells bound and thereby preventing successful
elution. This is seen in many traditional chromatographic systems. An advantage
with cryogels is their elasticity. This property was exploited when developing a
chemo—mechanical elution procedure. In this method, the eluting medium is added
to the chromatographic column to weaken the binding of the cells to the gel. The gel
then is compressed. This mechanical force breaks many interactions and it is
possible to elute cells with high yields and high viability [57, 58]. The principle
is schematically illustrated in Fig. 8. In Figs. 9 and 10 some elution data for two
different microbial cells are given.

7.2 Organelles and Other Subcellular Particles

There are also possibilities for using cryogels for isolation of other particulate
structures, e.g., organelles. It has been clearly shown that it is possible to isolate
“viable” mitochondria from a homogenate of mammalian tissue. The isolated
mitochondria expressed their characteristic metabolic behavior [59].

During production of cloned proteins it often happens that inclusion bodies are
formed. Such structures can be harvested using affinity-mediated separation in
cryogels. After lysis of the cells, the inclusion bodies are labeled by antibodies
against the protein that forms the inclusion bodies. Bypassing a homogenate
(including inclusion bodies, cell debris, and soluble proteins) through a cryogel
with immobilized protein A or the semispecific ligand sulfametazin, it is possible to
capture the inclusion bodies selectively. IgG interaction with protein A usually
requires harsher elution conditions, often low pH. After proper washing, one can
then elute the inclusion bodies. With sulfametazin as capturing agent, it was
sufficient to add 1 M NaCl. Yields in these processes were often in the range of



Cryogels for Biotechnological Applications 259

(2] ] _

1.Compression 2. Re-swelling 3. Compression
with a glass upon addition  with a glass
rod \ of liquid rod

Swollen & e

cryogel O

monolith

filled with

liquid

12.5 mm — P P >

3-4 mm
0 0

Flow of
III squeezed
out liquid

Vg

squeezing
—
q_

&

Keys
Nanoparticle with
4 4 Pore wall with immobilized surface displayed
; affinity ligands affinity receptors

Fig. 8 (a) Procedure used for the release of captured bioparticles by mechanical compression of
monolithic affinity cryogel. (b) Mechanism of detachment of bound cells induced by cryogel
deformation. (Reproduced from [57] with permission)

50-70 % [60]. If longer columns are used, it might be possible to improve that
figure.
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The amount of bound cells was assumed to be 100 %. (Reproduced from [57] with permission)

7.3 Viruses and Phages

Besides separation of cells, it is also possible to isolate biological particles such as
organelles, viruses, and phages.

A library of affinity ligands that have great potential, but have not been utilized
to their full potential, is the phage display library. Phages are filamentous particles
of approximately 1 pm length and a diameter of about 6 nm. When dealing with
cryogels, the pore dimensions allow one to operate with intact phages, even if they
are 1 pm long. A library of M 13 phages was screened for binders that would
capture lactoferrin. The selected phages were immobilized in a cryogel and the
adsorbent was used for capturing lactoferrin from defatted milk. Bound lactoferrin
was eluted with 1 M NaCl and a purity of 95 % was obtained. One should be aware
that this type of gel has low capacity, but could be of interest in initial screening
phases when one needs to obtain small amounts of relatively pure protein [61, 62].
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One can also turn the affinity interactions around in the sense that lactoferrin can
be immobilized and then the phages can be captured and subsequently eluted after
proper washing. By such an affinity step, one could pass a phage library through an
affinity column, capture those phages with affinity for the affinity ligand, and wash
out the rest. This could be regarded as an alternative to the conventional panning
procedures that are labor- and time-demanding. However, it is also possible to take
the technology one step further due to the large pores of the cryogel. After having
captured phages on the immobilized ligand and washing away those that do not
bind, it is possible to introduce E. coli cells into the pore system of the cryogel, stop
the flow, and let the phages infect the bacterial cells for 0.5-1 h before the cells are
washed out of the column. The experiment was very encouraging because a result
was reached that was equal to that obtained after three rounds of traditional
panning. The time for the complete cycle was approximately 23 h as compared to
152 h for the conventional procedure. This new technique was named
“chromatopanning” (see Figs. 11 and 12) [63].
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Based on the results above and experiences reported in literature on convective
interaction media (CIM) discs, it is obvious that macroporous chromatographic
materials have good potential for isolation of virus particles [64].

8 Chromatography of Biomolecules

Cryogels have an open structure and therefore produce low back-pressure when
used in chromatographic applications (Fig. 13). This positive feature is
counteracted by the fact that the large pores also result in a low capacity for
adsorption of proteins. Thus, in many comparisons, gels like Sepharose may be at
least ten times better with regard to capacity. The ability to operate with a high
flow-rate favors use of the cryogels. Still, the low capacity is a problem when the
gels are used for separation of proteins or other biomolecules. Much effort has gone
into improving the capacity of the cryogels and some different strategies are
presented next.

Means of increasing the binding capacity include: grafting, formation of com-
posites, crosslinked nanoparticles with affinity, and double cryogel networks.

8.1 Grafting

It is possible to graft polymer chains to the pore walls of cryogels. This can be done
either by having a pre-made polymer that is attached to the pore wall, or by
initiating polymerization at the pore wall and then feeding monomers to build the
polymer from the pore wall and out.

Savina et al. have mainly focused on building the polymer from the pore wall
and out into the pore lumen. To achieve this, one needs to use an initiator that will
start the polymerization. Savina et al. used diperiodatocuprate(Ill) complex as
initiator. It was possible to first treat the pore wall with the initiator and then add
the monomers after removing excess initiator [66—69]. It was possible to graft more
than 100 % (w/w) of the weight of the polymer backbone. If the initiator was added
concomitantly with the monomers, then a lot of soluble polymers were obtained.
Therefore, a two-step procedure was utilized: first treating the polymer wall with
initiator and then introducing the monomers.

Studies on the grafting of charged polymers made it clear that the density of
polymers on the polymer backbone has a strong influence on the behavior of the
ion-exchange adsorbent obtained [66—69]. With a large amount of initiator, a lot of
short polymers were grafted, whereas when a lower amount of initiator was used,
less but longer polymer chains were formed. When adsorbing small molecules (e.g.,
the dye Orange G) to an anion exchanger, there were no differences in the amount
of small molecules bound if the amount of polymer was the same, even if there were
differences with regard to polymer chain length. However, when it came to proteins
(e.g., bovine serum albumin, BSA), it was found that the long polymer chains were
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Table 2 Composite cryogels

Composite particle Size Functionality Polymer backbone References
Diatomite particle 2 pm Metal chelate PHEMA [72]
Sporopollenin - Metal chelate PHEMA [73]
SiO, nanoparticle - Grafted cation exchanger ~PAAm [74]
Porous adsorbent bead 25 pm Aminogroups PVA [75]
Iron nanoparticle 1-100 nm - - [76]
Agarose bead - - - [77]
Activated carbon - Binding organic molecules — [78]
Entrapped emulsion - Hydrophobicity Thermoresponsive [79]
Oil droplet - Hydrophobicity PVA [80]

PHEMA poly(2-hydroxyethyl methacrylate), PAAm polyacrylamide

far more efficient at capturing BSA than short chains. The explanation for this
behavior is that the small molecules penetrate and gain access to the charged groups
where they bind, whereas proteins are excluded at tight polymers on the pore walls
because of steric reasons, but are favored when long polymers are present because
then multipoint attachment can take place.

That grafting contributes to improving the capacity was clearly shown. If no
grafting was done, then 0.65 mg/mL was adsorbed, whereas with a grafting of
105 % (w/w) then 12 mg/mL was adsorbed. This represents an 18-fold increase in
capacity, but is still far lower than that reached with the conventional tighter gels.

A cation-exchange cryogel was produced by in-situ graft-polymerization with
sulfo groups to an acrylamide cryogel [70]. The grafting was performed using
potassium diperiodocuprate in a similar mode to that used by Savina
et al. [66]. The new ion-exchanger was evaluated using lysozyme as a target. The
capacity was still low, even though it was increased as compared to non-grafted
gels. However, it was argued that the possibility of operating at high flow velocities
could partially compensate for the low capacity because each cycle can be run much
faster.

One example where grafted cryogels were successfully applied is the capture of
plasmid DNA from non-clarified bacterial lysate using a polycation-grafted
monolith [71].

8.2 Composite Cryogels for Separation Purposes

Entrapment of adsorbent particles within a cryogel has been studied as a method to
improve the binding capacity. There are also some cases where entrapment was
carried out because the particles were too small to handle in conventional separa-
tion and the composite strategy was preferred. Table 2 lists some examples where
composite cryogels have been used for bioseparation. Besides an increase in
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binding capacity, it has also been reported that the formation of composites can lead
to improved mechanical stability of the gel.

From Table 2, it can be seen that a range of different materials have been used to
create composite cryogels. An extreme case is the entrapment of microemulsions,
which led to a preparation with one solid and one liquid phase with very different
properties [79].

With the development of nanosized adsorbents, it may become more important
to “pack” these nanoparticles such that they can be used conveniently. Cryogels
offer an interesting alternative for this. Molecular imprinted polymers will be
discussed later in Sect. 11.

8.3 Double Polymer Networks

Cryogels with unique double-continuous macroporous networks have been pre-
pared by a sequential process. First, one cryogel is prepared according to regular
procedures. After thawing, the porous volume of the gel is filled with a new solution
of monomers and catalysts before the gel is frozen once more. After this second
polymerization and subsequent thawing, a gel is obtained with two interlacing
polymer networks (Fig. 14). The procedure can be repeated more times. The effect
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Table 3 Proteins isolated using cryogels

Protein isolated Cryogel affinity Capacity Comment References
Lactoferrin Phage display Low Whole phages [61]
Yeast alcohol IDA-Zn 10 mg/g gel - [82]
dehydrogenase
Lysozyme Hydrophobic 47 mg/g dry gel — [83]
Human serum albumin Dye-affinity 74 mg/g dry gel — [84]
1eG Protein A 88 mg/g dry gel — [85]
IeG Thiophilic gel Upto 68 mg/g - [86]
dry gel
Cytochrome c Metal affinity 21 mg/g dry gel — [87]
Fibronectin Gelatin 38 mg/mL gel — [88]
Papain Reactive Green 5 68 mg/g - [89]
polymer
Horseradish peroxidase Concanavalin A - - [75]
Hisg-lactate Metal chelate - - [90]
dehydrogenase
Milk proteins Ion exchange 2.1 mg/mL gel - [91]
(lactoferrin,
lactoperoxidase)
Plasmids Polycation grafted - - [71]
cryogel
Endotoxins Immobilized polyethyl- — - [92]
ene imine, lysozyme,
or polymyxin B
Bacteriocins Phenyl ligands on cryogel — - [93]

of working with double polymer networks is that the capacity for binding target
molecules increases and the mechanical stability is also improved. This latter might
be important for tissue engineering applications. By using two different polymer
systems, it is possible to study the final preparation using confocal microscopy and
then clearly see the interconnected networks. The flow-rate through the gel is
reduced by the procedure. When dealing with gels that are mechanically weak, it
might be possible to combine such a material with a stronger network, like a
skeleton, to stabilize the structure (see SEM photos in Fig. 1) [81].

9 Separation of Proteins

As has already been stated, cryogels are not especially suitable for isolation or
separation of proteins because of their relatively low capacity. The gels offer,
however, the possibility to operate with non-clarified solutions such as cell homog-
enates, blood containing blood cells, suspensions of microbial cells, and milk. What
can be separated using conventional chromatographic media can also be separated
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using cryogels. There are many examples of such separations and, taking into
consideration the means to improve capacity while still keeping the tolerance to
operate at high flow-rates, it is realistic to think that sometime in the future there
will be technology that makes it possible to use cryogels as viable alternatives to
conventional chromatographic media for separation of proteins.

Table 3 lists some of the published examples where cryogels have been used for
separation of proteins and a few other biomolecules. The list is not complete, but it
covers different types of separations.

Cryogels are mainly used for separation of proteins on the basis of ion exchange,
hydrophobic interactions, and affinity. The large pores and the relatively few meso-
or nanopores make cryogels less suitable for gel permeation chromatography.

As stated above, it is easy to scale-up column chromatography using cryogels.
Normally, there are no problems with pressure drop over the column unless very
viscose media are used. Cell homogenates, fermentation broth, and plasma are
examples of media that have been processed successfully.

9.1 High Through-Put Screening

The elasticity of cryogels has been mentioned earlier in this paper. Due to its
elasticity, it is possible to squeeze a cryogel into a somewhat smaller column
such that the gel will tighten towards the walls of the column. This property was
utilized when placing small cryogel monoliths into microtiter plates with no
bottom. The gels held the buffer due to capillary forces. When a volume of liquid
was added, an equal volume was displaced. This leads to the use of cryogels in
microtiter format for screening of cell homogenates for certain target proteins [94].

The same technology is very suitable for evaluating the conditions for binding of
cells to adsorbents, and the elution conditions. This was demonstrated by Dainiak
et al. [95, 96].

9.2 Environmental Pollutants

Cryogels have been used in environmental technology applications, both as matri-
ces for immobilizing cells and/or enzymes for treatment of pollutants, and as
adsorbents for enriching pollutants. Some of the applications of microbial cells
and enzymes for remediation are listed in Table 1. The advantage of using cryogels
in treatment of pollutants is the high porosity that facilitates exchange of media
components. In some cases, improved stability of the immobilized cells has also
been reported. Furthermore, when cells are entrapped in cryogels and start to grow,
some cells are released to the surrounding medium. The cryogel then functions as a
seeding unit from where cells are continuously released.
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Fig. 15 Selective filters are
produced within the plastic
housings by polymerizing
the monomers in the
semifrozen state. Several
different adsorbents are
shown, e.g., the light blue is
a chelating gel loaded with
copper and the dark blue is a
gel derivatized with textile
dye. Some housings are
without filling

It is important when open systems are treated in environmental applications that
the polymer systems used are not easily degraded by organisms present in the
environment. Up to now, PVA seems to be the most popular polymer for this type of
application.

Chromatography is to a large extent focused on adsorption/desorption processes.
The main emphasis has been on separation of various cell components, especially
proteins. The introduction of selective affinity ligands has meant a dramatic sim-
plification and increased efficiency of the separation processes. It is also possible to
enrich compounds present at very low concentrations in an efficient way using
chromatography. It is tempting to apply this technology in environmental science
where many of the emerging pollutants are present at submicromolar concentra-
tions in a complex medium with varying composition over time.

The low concentrations mean that the capacity of the adsorbent is of less
importance than factors such as robustness, ability to function in the presence of
particulate matter, risk of fouling, etc. Cryogels seem to have suitable properties for
addressing these challenges.

10 Cryogels in Housings

Adsorbents are normally used in columns, where they are exposed to a relatively
well-controlled feed stream from which some substances are adsorbed. However, it
would be useful to be able to use adsorbents under harsher conditions, e.g.,
processes with vigorous stirring or in media that are complex and with a compo-
sition that varies over time. An example of the latter is the use of adsorbents in
environmental technology to capture, e.g., environmental pollutants.
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Cryogels have properties making them attractive for adsorbing substances in the
presence of particulate matter, e.g., microbial cells, and therefore cryogels seem to
have a field of application in environmental separation. However, the gels are
relatively soft and may be degraded by mechanical attrition. Therefore, cryogels
were produced within plastic housings of a form that has earlier been used for
microorganisms in wastewater treatment plants. The housings allow the microor-
ganisms to grow and form biofilms and thereby stay in the reactor without being
washed out [97]. A photo of such a plastic housing is shown in Fig. 15. The
housings are open structures that allow free passage of liquid in and out, which is
a prerequisite for a system that houses biofilms. Similar demands are valid for the
adsorbents.

The missing link in this construction was access to stable, selective, and efficient
affinity adsorbents. Protein-based binders are not suitable because microbes will
hydrolyze them, so synthetic materials are preferable, in this case molecularly
imprinted polymers (MIPs).

11 Molecularly Imprinted Polymers

Molecularly imprinted polymers (MIPs) are synthetic materials that are tailor-made
to offer high molecular recognition, sometimes as good as that of antibodies
[98]. MIPs can be synthesized from simple monomer building blocks using
template-directed radical polymerization. The target molecule itself is used as a
molecular template to form the molecular imprints. First, the “print molecule” is
mixed with some functional monomers and, after some time, crosslinkers and other
monomers may be added before radical polymerization is initiated. After polymer-
ization, it is important to remove the print molecule, which is often a cumbersome
process. Extraction with organic solvents may be used. After the target molecule is
removed, specific cavities are formed that correspond to the space that the print
molecules occupied during polymerization.

Why bother about MIPs when dealing with cryogels? The answer is simple,
MIPs represent a very interesting group of affinity binders that are robust, not
degradable by microorganisms, and can have high selectivity. They are therefore of
great interest in the area of environmental separation. The procedure for preparation
of MIPs is schematically presented in review by Mosbach [99].

MIPs can be used for capturing organic molecules that appear as pollutants in
water. An early example dealt with endocrine disruptors. A problem with, e.g.,
estrogen, is that many different molecules bind to the estrogen receptors, and
therefore one needs to have an affinity binder that will capture as many as possible
of these molecules. A problem with MIPs is that they are composed of tight
polymer material with very small pores. Therefore, MIPs are used as small particles
so that many binding sites are exposed to the surface. On the other hand, it becomes
problematic to handle these small structures and, when packed in columns, massive
back-pressures are built up. Thus, a composite with the MIP particles immobilized



270 B. Mattiasson

Table 4 MIPs used as composite components in cryogels

Target Type of MIP comments Capacity Regeneration References
HSA Surface - 98 mg/g, >10times, 97 % [100]
imprinted 683 mg/g recovered
from
serum
Bilirubin - - 36 mg/g >10times, 90 % [101]
recovered
Bilirubin Block copoly- - 10.3 mg/g >10 times, [102]
mer, >90 %
mechan- recovered
ical break,
<100 pm
diameter
Lysozyme Imprint in - 23 mg/g >10 times [103]
cryogel
Fe** Composite MIP  — 2.23 mg/g >20 times, [104]
approx 90 %
Cytochrome  Imprint in - 126 mg/g 5 times, lost 5 % [105]
c cryogel
Pb>*, Cd**,  Imprint in Competition ~mg quantities 10 times, >90 %  [106]
Zn**, cryogel between recovered
Cu** different
ions
p-blockers - High selec- - >5 times [107]
tivity for
the print
molecule

in a cryogel offers an attractive arrangement because good accessibility is offered
by the cryogel and low back-pressure is maintained. Applications in environmental
biotechnology are obvious, but also other areas of utilization seem realistic
(Table 4).

Surface imprinting is an attractive approach for designing synthetic affinity
adsorbents for proteins. One needs a large surface area because it is only the surface
that is utilized. This leads to use of nanoparticles because of their advantageous
relation between surface area and volume. However, nanoparticles are difficult to
handle, so embedding them in the polymer network of a cryogel is attractive. The
gel offers large pores with convective flow and thus good mass transfer conditions,
and the nano-MIPs represent the affinity binders. When characterizing such prep-
arations, one has to study selectivity, capacity, and ability to regenerate. In theory,
use of surface imprinting for macromolecules facilitates the dissociation step when
releasing bound molecules as compared to imprinting in a three-dimensional
polymer network where some of the print molecules are completely entrapped. A
recent paper by the group of Denizli presents a composite cryogel with embedded
beads of poly(hydroxyethylmethacrylate)-based MIP [100]. The MIPs were pre-
pared by surface imprinting using mini-emulsion polymerization [108]. The beads
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were, after proper washing to remove the template, mixed with 2-hydroxyethyl
methacrylate and polyethylene glycol diacrylate, which was then polymerized at
low temperature.

Binding of human serum albumin (HSA) to the composite cryogel showed a
clear pH-dependence, which could be correlated to the charges on the HSA
molecule. The MIP was 28 times more efficient at binding HSA than was the NIP
(non-imprinted polymer; the same composition and the same treatment, except for
no exposure to HSA). Adsorption studies revealed that the binding of HSA to the
cryogel followed the Langmuir isotherm. When placing the gel plug in a column
and feeding a solution of HSA continuously, a capacity of 98 mg/g of dry polymer
was reported. This was calculated to be close to the theoretical value for the MIPs
used, 103 mg/g. These values are really astonishing because one might expect steric
hindrance when the MIPs are partially entrapped in a tight polymer network. It was
furthermore reported that when HSA from serum was captured, a maximum
capacity of 683 mg/g of dry gel was obtained. To fully understand the mechanism
behind these very high values, further studies will be needed. Values of capacities
in this range are now matching what is reported for conventional adsorbents.

Composites involving MIPs have been extensively studied and Table 4 lists
some of these systems.

11.1 Applications of MIP-Cryogels in Environmental
Biotechnology

11.1.1 Heavy Metal Ions

Heavy metal ions (HMs) constitute a severe environmental problem. High concen-
trations in leachates from mining activities are usually treated by precipitation.
However, lower concentrations of HMs can also cause severe problems. This is
seen when water is used for irrigation or when water is consumed. Therefore, it is
attractive to remove HMs almost completely from water. So far, this has not been
possible, even if low levels are reported.

Use of chelating gels for capturing HMs turns out to be efficient [109]. MIPs also
offer interesting alternatives. Chelating groups are not selective; they capture all
heavy metals ions, but with somewhat different efficiencies. It is obvious that there
is competitive binding between different heavy metal ions and the chelating groups.

11.1.2 Endocrine Disruptors

An emerging environmental problem is the presence of physiologically active
compounds in very low concentrations (micrograms per liter or lower). Such
compounds are difficult to degrade in the biological steps in wastewater treatment
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Fig. 16 (a) Appearance of an empty Kaldnes carrier (/eft) and an MGP, i.e., MIP/PVA-MG (MG
macroporous gel) formed inside a plastic carrier (center). SEM image ofthe MIP/PVA-MG (right).
(b) Packed MGP reactor (left) and a moving MGP reactor (right). BI1: One layer of MGPs in a
packed MGP reactor. The arrows show the water flow routes in the column. B2: One layer of
MGPs in a moving MGP reactor. The arrows show the perpetual motion of the MGPs in the
column. (From [111] with permission)

plants; they pass unaffected through the bio-bed and out in the recipient. If one just
considers estrogen-active compounds, there are more than 100 different compounds
with hormonal activity, i.e., they interact with the hormone receptor and thereby
cause a physiological response. Because microorganisms are not efficient in remov-
ing such compounds, other methods have to be used. Advanced oxidation processes
would be one alternative, but they are regarded as too expensive. Therefore,
adsorption methods could offer an alternative, provided they are efficient enough
and robust enough to withstand the conditions in a wastewater plant. Natural
protein-based affinity binders (receptors or antibodies) will not survive in the
environment because proteases from microorganisms will degrade them. An attrac-
tive alternative is then use of MIPs. These can be made selective, have good binding
properties, are inert in the sense that they can be autoclaved, and are not degraded
by microbes. MIPs can be introduced into cryogels (as described above) and it is
possible to contain cryogels in plastic housings (see Sect. 10). The result of
combining these three (the MIP, the cryogel, and the plastic housing) is a tool for
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Fig. 17 p-galactosidase activity in transformed Saccharomyces cerevisiae cultures exposed to
estradiol concentrations of 1 x 107> to 1 x 10~° M in methanol/acetic acid (4:1 v/v) (MeOH:Aa)
(symbols) compared to clean MeOH:Aa (bar, Blank) or extracts from solid-phase extraction (SPE)
columns packed with 100 mg MIP or NIP and percolated with 100 mL of a wastewater sample (bars,
MIP and NIP, respectively). The results from the different adsorbents are presented as bars in the figure.
The polymers were extracted with 4 mL of MeOH:Aa and the values shown represent the average yeast
activity (normalized to 100 mL of wastewater) & standard deviation. No activity was found in the
extracts (4 mL MeOH:Aa) from SPE columns packed with clean MIP and NIP (100 mg). 3-Galacto-
sidase activity is calculated as 1000 X ODg0/(f X V X ODggp), where ODyy is the final absorbance
at 420 nm, ¢ is the time of reaction of the mixture (41 min), V is the volume of culture used in the assay,
and ODgg is the absorbance of the diluted yeast inoculum. (Reproduced from [111] with permission)

addressing the challenge. These combined units are often named MGPs
(macroporous gel particles).

MIPs were synthesized with 17p-estradiol as template in the presence of some
acrylic monomers and crosslinkers. The polymerization gave a block polymer that
was mechanically disrupted; the particles were sieved and two fractions were saved,
25-38 pm and 38—-106 pm. The MIPs were extensively washed with methanol in
order to remove the print molecule. After drying, the smaller fraction was added to
the monomer solution that was going to be polymerized to a cryogel. The poly-
merization took place in a glass tube filled with plastic housings of AnoxKaldnes
type. After polymerization, the housings with their content (the MGPs) were
separated from surplus cryogel and then washed properly before use. More details
can be found in the literature [110-112].

The MGPs were placed in a fluidized bed through which the water to be treated
was passed. Fluidization was used in order to get some mixing in the bed. A
schematic presentation of the set-up is shown in Fig. 16 [112]. When running
buffer solutions spiked with estradiol, it was shown that 100 % (within the exper-
imental error) was removed. No estrogen could be detected afterwards. Estradiol is
very hydrophobic, and therefore hydrophobic monomers had been used to create
the cryogel. Whereas the MIPs gave efficient removal of all estradiol from the water
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solution, the non-imprinted polymers (NIPs) gave between 49 and 74 %, depending
on their composition. Captured material was eluted and the recovery could be
calculated. Estradiol was recovered almost quantitatively.

When dealing with wastewater (water that had gone through the conventional
wastewater treatment process and was to be released to the recipient), the adsorbent
could also capture material via its artificial estradiol receptors. However, in this
case, there is a broad spectrum of compounds, not just one compound. Therefore,
the estradiol activity of the eluate was monitored, rather than identifying and
quantifying each and every compound. Because the compounds interacting with
the receptor have different “estradiol activities” this type of assay is more relevant.
A transformed strain of Saccharomyces cerevisiae was used with an estradiol
receptor cloned and expressed in such a way that production of p-galactosidase
started when the receptor was stimulated. The activity of this enzyme could then be
correlated to the amount of estradiol activity present [113]. Figure 17 shows the
[B-galactosidase activity expressed at different estradiol activities, and also the result
of eluate analysis after polishing treated wastewater from the wastewater treatment
plant in Lund municipality, Sweden [111].

11.1.3 Pharmaceuticals and Pesticides

Pharmaceuticals and pesticides also represent emerging pollutants present at low
concentration, but with potentially strong effects on living organisms. Such com-
pounds can be treated in a similar way to that described for the hormone active
compounds [107].

12 Concluding Remarks

Cryogels in biotechnology represents something new—supermacroporous adsor-
bents in monolithic shape. These new gels do not fill all the demands that gels
have traditionally satisfied, but cryogels can offer some new possibilities. As time
goes by, improvements in capacity will be seen and then cryogels may also find use
in certain separation processes where capacity versus cycle time can be balanced
such that productivity governs the choice of gel.

It is furthermore clear that cryogels have certain advantages when particulate
matters are involved in the separation, and also when it comes to applications in
environmental technology.

That particles can be separated using cryogels has also opened a window for
separation of cells and other particulate matters. When cells are adsorbed to the
pore walls of a cryogel, then multipoint interaction takes place that may lead to
difficulties in releasing the captured cells. The chemo-mechanical approach, i.e.,
combining elution conditions with a mechanical deformation of the gel structure
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such that the cells are released, has shown promising results, including in handling
of mammalian cells.
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Abstract Poly(vinyl alcohol) (PVA) is a hydrophilic and biocompatible polymer
that can be crosslinked to form a hydrogel. When physically crosslinked using a
freeze—thaw cycling process, the product hydrogel or cryogel (PVA-C) possesses
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unique mechanical properties that can be tuned to closely match those of soft
tissues, thus making it an attractive candidate for biomedical and especially medical
device applications. We review the freeze—thaw cycling process and processing
parameters that impact on the properties of PVA-C and its nanocomposite products.
Both the mechanical properties and diffusion properties relevant to biomedical
application are discussed. Applications to orthopedic and cardiovascular devices
are summarized and discussed. The concept of biomaterial-tissue hybrids that can
impart the necessary hemocompatibility to PVA-C for cardiovascular device is
introduced and demonstrated.

Keywords Poly(vinyl alcohol) * Physical crosslinking ¢ Cryogel » Medical device
* Controlled release
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1 Introduction

Polyvinyl alcohol (PVA) is a hydrogel with desirable properties for biomedical
applications [1, 2]. Ivalon™, a highly porous PVA sponge crosslinked with form-
aldehyde, was probably one of the first medical products marketed [3]. It was used
extensively in duct replacement, articular cartilage replacement [4], as a pharma-
ceutical release agent [1], and in reconstructive (vocal cord) surgery [5]. In addition
to the use of chemical crosslinking agents such as formaldehyde and glutaralde-
hyde, PVA can also be crosslinked using several other methods, such as the use of
electron beam,y-irradiation, and physical crosslinking. For biomedical applications,
physical crosslinking has the advantage of not leaving residual amounts of toxic
crosslinking agents, as well as providing higher and more tunable mechanical
strength than the PVA gels crosslinked by either chemical or irradiative techniques
[6]. The physical crosslinking methods have generated the most interest because no
new chemicals are introduced that could complicate their use in the biomedical
environment.

Physical crosslinking can be accomplished using a freeze—thaw (FT) cycling
method in which a solution of PVA is allowed to undergo repeated freezing and
thawing cycles. For obvious reasons, the product hydrogel is popularly called a
PVA cryogel (PVA-C). Using this approach, and by carefully controlling the
process parameters used in the hydrogel preparation procedure, material properties,
including mechanical and diffusion properties, can be tailored. Moreover, with the
incorporation of nanomaterials into the PVA solution, nanocomposites of interest-
ing mechanical properties (tensile and compressive) relevant to a range of medical
device applications can be created. We will focus on the preparation and properties
of PVA-C and its composites by the freeze—thaw method. Biomedical applications
in the areas of medical device and drug delivery will be used to illustrate the range
of biomedical applications possible for this class of hydrogel material.

2 Processing Parameters for PVA-C Preparation

PVA-C is today one of the most commonly investigated cryogels for biomedical
applications. PVA, which is synthesized through hydrolysis of polyvinyl acetate
synthesized via free radical polymerization of vinyl acetate [6], consists of a
secondary alcohol group attached to a linear carbon chain. The alcohol group
allows for hydrogen bonding and, therefore, PVA dissolved in an aqueous solution
is able to produce a hydrogel with high water content. Subsequent thermal cycling
leads to physical crosslinking via formation of structured crystalline domains of the
polymer chains through phase separation. Several phases occur during the thermal
cycling process. First, the gel is brought down to a temperature of between —5 and
—20°C [7], during which time the water phase freezes. This creates regions of high
polymer concentration, where crystallites are formed, as well as regions of low
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polymer concentration resulting in pores [8—10]. The solution is then thawed back
to room temperature leading to the formation of a solid gel—PVA-C. The micro-/
nanostructure of PVA-C has been examined through several techniques including
transmission electron microscopy (TEM) [9], small angle X-ray scattering (SAX)
[9] and small angle and ultrasmall angle neutron scattering (SANS and USANS)
[10, 11]. Observations conclude that the first freeze—thaw cycle (FTC) produces
polymer-rich regions due to the formation of ice crystals in the amorphous regions
[10, 12]. Subsequent FTCs further modify the structure of the polymer matrix.

Formation of the PVA-C takes place during the thawing stages [13]. Crystalli-
zation and phase separation are two important mechanisms that contribute to the
structure of PVA-C, with crystallization occurring in the first three FTCs and phase
separation through at least six cycles. Phase separation has a very important impact
on the mechanical properties of PVA, even apart from crystallization [14].

A range of parameters in the processing procedures for PVA cryogels can be
modified to alter the structure and properties of PVA-C and therefore its applica-
tion. Polymer molecular weight and PVA solution concentration both have signif-
icant effects on structure [7, 12, 15-17]. The conditions of the FTCs, such as
freezing and thawing rate, number of FTCs, and upper and lower temperature
limits, all contribute to the determination of polymer matrix structure [7]. This
wide range of processing parameters provides alternatives for tuning the properties
of PVA cryogels. This is extremely beneficial because it makes the material useful
for a large number of applications, and precise adjustments can be made to tailor the
material for a specific application.

Significant work has been reported on how the Young’s modulus of PVA
cryogel is affected by processing parameters [7]. Work by Pazos et al. studied the
nonlinear elastic response of PVA cryogel under uniaxial tension. The authors
found that varying the number of cycles and the thawing rate could have similar
effects on the elastic modulus, but changing the thawing rate gave finer control.
Gels processed under specific conditions were found to mimic the uniaxial elastic
response of healthy porcine coronary arteries [18]. Studies by our group using
SANS were able to show that anisotropic mechanical properties can be achieved for
PVA cryogels through processing the gel under controlled applied stress. This is
extremely beneficial for biomedical devices such as coronary bypass grafts, where
the tissue being replaced possesses orientational-dependent mechanical
properties [10].

2.1 Molecular Weight

Molecular weight has a significant effect on PVA-C formation [19]. As molecular
weight increases, the number and size of the crystalline regions increases due to the
increase in length of the polymer chain. However, this effect is limited by the
decrease in free volume and mobility of the high molecular weight polymers.
Hassan and Peppas found that during swelling there was more instability in crystal



Poly(Vinyl Alcohol) Cryogels for Biomedical Applications 287

uniformity and degree of crystallinity in the higher molecular weight PVA due to an
increase in chain length. This contributes to additional crystallization during swell-
ing and increased mobility because of less physical crosslinking, as indicated by
higher overall volume swelling ratio.

Lozinsky et al. found that gels produced with a lower molecular weight were
more rigid than those of a higher molecular weight, up to a maximum. The unfrozen
liquid microphase (ULMP), specific to cryotropic gelation, is important in
explaining this phenomenon. The viscosity of the ULMP is highest in the system
with the highest molecular weight polymer because the polymers have the longest
chain length. This decreased mobility reduces intermolecular interactions. There-
fore, although the rigidity normally increases as polymer molecular weight
increases, a build-up in ULMP viscosity limits this increase [20].

The ability to change the degree of crystallinity by adjusting molecular weight is
an important factor for biomedical applications. Degree of crystallinity has an
effect on the mechanical properties and diffusion properties. For example,
PVA-C can be tuned in this way to achieve mechanical properties that mimic tissue
ranging from cardiovascular tissue to skin [7].

2.2 Solution Concentration

Initial PVA solution concentration was studied as one of the first processing
parameters that can be altered to affect the structure and properties of PVA-C.
Trieu and Qutubuddin showed that many processing parameters have an effect on
the structure and mechanical properties of PVA cryogels, including initial PVA
concentration. They found that a higher initial PVA concentration produces a
structure with less porosity. This, in turn, lowers the equilibrium swelling, resulting
in an inverse relationship between equilibrium swelling and porosity [21].

Hassan and Peppas varied the PVA solution concentration and noted that the
higher concentration solutions resulted in more stable gels that have higher degrees
of crystallinity and lower secondary crystallization. Lower degrees of swelling in
higher concentration solutions indicate that more crosslinking occurs in higher
concentration solutions [19].

Lozinsky et al. demonstrated that an increase in PVA concentration results in an
increase in cryogel rigidity. This is due to the increased concentration of hydroxyl
groups present, creating an increase in intermolecular hydrogen bonding. This
factor was also determined to be more effective in controlling the properties than
the effect of ULMP viscosity previously described. Furthermore, as polymer
concentration is increased, porosity decreases and a more ordered structure
results [20].

An increase in the concentration of PVA has been shown to produce more
crystalline structures with greater stability. This, in turn, causes an increase in the
tensile strength and tear resistance [22]. Wan et al. found that an increase in the
PVA concentration caused the stiffness of PVA-C to increase significantly. With an
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increase in PVA concentration from 10 % to either 15 or 20 %, the tangent elastic
modulus increased by 69 and 137 %, respectively, and the secant elastic modulus
increased by 83 and 180 %, respectively, at a strain of 0.25 [23].

2.3 Solvent

The use of different solvents in the processing of PVA can dramatically alter the
PVA-C properties. Hassan and Peppas have reviewed this area well [6]. Hyon and
Ikada showed that the use of organic solvents such as dimethyl sulfoxide (DMSO),
glycerin, ethylene glycol, propylene glycol, and ethyl alcohol provides excellent
light transmittance, along with good tensile strength and high water content,
making a gel material with good potential for contact lens applications [24]. The
addition of DMSO has been studied extensively because it imparts transparency to
the PVA-C. Ohkura et al. showed that DMSO/water solutions with PVA exhibit
transparency, high elasticity and higher gelation rates because gelation occurs
without phase separation at temperatures below —20 °C [25]. Murase et al. showed
that crystallinity increased over time due to the interaction between water and
DMSO in the PVA-C [6].

Additives are sometimes put into the PVA solution. Lozinsky et al. showed that
by adding triethylene glycols and its higher oligomers, the strength and thermal
stability of the PVA cryogels increased and the gelation process was altered [26,
27].

For biomedical applications, the presence of salts or other solutes in the envi-
ronment while producing PVA-C can be beneficial because the biomaterial will
eventually be used in an electrolyte-containing physiological environment. Due to
freezing point depression as a result of increased solute concentration, the freezing
point of PVA solution decreases with the addition of salts. Gordon showed that the
freezing point of PVA in water was —18.7 °C [28], whereas Shaheen
et al. demonstrated a decrease of freezing point to —30 °C when PVA, theophylline,
and 11 % NaCl was used [29]. The intermolecular and intramolecular hydrogen
bonds that are so important to the formation of crystallites in PVA-C are disrupted
by the presence of salts [30]. The crystallinity of PVA-C was shown to decrease and
the cryogel became weaker when prepared in the presence of NaCl (0.0125-
0.0625 M) compared to when distilled water was used [31].

2.4 Freeze-Thaw Cycling

As described above, the freeze—thaw cycling process allows the formation of
amorphous and crystalline regions to form a physically crosslinked matrix of
PVA. The number of FTCs, rate of freezing and thawing, and the time for which
the gel is held frozen (freezing holding time) all have direct impact on the structure
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of the resulting cryogel. For example, with an increase in the number of FTCs, there
is a decrease in pore size within the polymer matrix [8, 32], an increase in
mechanical properties [7] and a decrease in diffusion rates (see Sect. 3.2). An
increase in freezing rate has been shown to decrease the size and density of
crystallites. The freeze—thaw process is reviewed here in terms of its effect on
PVA-C for applications in biomedicine.

2.4.1 Rate of Freeze-Thaw Cycles

The rate of the thermal cycles has been shown to affect the mechanical properties of
the PVA hydrogel. A stiffer material is produced by using a slower thawing rate
because of the increased amount of time for the reorganization of polymer chains
and squeezing out of water molecules. Hatakeyama et al. showed that the rate of
freezing affects the size of the crystals and, therefore, the number of crystals formed
[33]. Slower thawing increases the period in which the specimen is at temperatures
optimal for gel network formation [13].

Lozinsky et al. found that the more time that the solution spends at temperatures
below 0 °C, the more time is available for movement of polymer chains. This
allows for more time for entanglements to occur and increases the crystallinity by
increasing both the number and size of crystallites [34]. This produces PVA-C with
increased tensile strength. The rate of freezing has less of an effect on the proper-
ties, but has been shown to affect the formation of ice crystals [33]. Thawing rates,
on the other hand, affect the formation of the PVA-C and its mechanical properties
[7, 18, 35, 36].

It is important to keep thawing rates below 10 °C/min, as higher rates are not
acceptable for producing hydrogels [35]. In many studies, precise control of
freezing and thawing rates are not maintained because samples are simply placed
in a freezer for freezing and then removed to room temperature for thawing [37—
39]. This will still result in cryogel formation, but the structure, and therefore the
properties, of the PVA-C will not be reproducible.

2.4.2 Number of Freeze-Thaw Cycles

In work by Hassan et al., the amount of dissolution of PVA cryogels was shown to
decrease as the number of FT'Cs was increased [40]. This is consistent with the
results that each FTC after the second causes a significant increase in the degree of
crystallinity [37, 41].

It has been shown that the number of FTCs has an effect on mechanical
properties. A maximum number of FTCs, after which the structure and properties
of the cryogel no longer changes, has been demonstrated [8], and several studies
have found this maximum number to be six [39, 42]. The increase in PVA-C
stiffness with increasing number of FTCs has been attributed to the crystallite
formation mechanism and liquid-liquid phase separation [7]. An alternative
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explanation is the reinforcement of additional existing crystals within the structure
with each additional FTC, up to a maximum level [19, 34].

2.4.3 Freeze Holding Time

The freezing holding time has a significant effect, with samples frozen up to 10 days
at —10 °C giving the most mechanically strong PVA hydrogels [34]. On the other
hand, holding the sample at a lower temperature for varying amounts of time did not
seem to have an effect on the mechanical properties. Wan et al. showed that holding
times of 1 or 6 h at —20 °C did not cause any change in the tensile properties of the
PVA hydrogel [7]. Nevertheless the lower temperature limit, at which the hydrogel
freezes, has an effect on the phase equilibrium of PVA, with storage of frozen
solutions at higher negative temperatures resulting in PVA-C that is to some extent
more rigid [21].

3 Properties of PVA and PVA Composites

3.1 Mechanical Properties

PVA cryogel (PVA-C) has caught the interest of researchers in the biomedical field
since its creation in the early 1980s [43]. Apart from its long-term biocompatibility
and nontoxicity [44], its mechanical properties, which can be tailored to mimic a
wide range of soft tissues [7, 45], are the main reason why PVA-C is an attractive
candidate material for many prosthetic devices such as heart valves, blood vessels,
and articular cartilages.

In terms of mechanical strength (compressive or tensile), PVA-C can be isotro-
pic or anisotropic [10]. Its Young’s modulus is nonlinear and dependent on strain,
strain rate, and temperature [46]. It is viscoelastic and strongly hydrophilic. Its
strength is a function of concentration of the PVA solution, the mean molecular
weight of the polymer material, the number of FTCs it has gone through during its
formation, post-hydration processing, the type of buffer solution, and the solution
temperature.

To understand the mechanical properties of PVA-C, one has to understand the
microstructure of the cryogel, which is a direct result of its formation process.
Although the gelation mechanism is still under discussion, it is thought to be a
combination of mechanisms involving hydrogen bonding [47], crystallite forma-
tion, and liquid-liquid phase separation through spinodal decomposition [48].

Willcox et al. proposed a gelation scheme in support of the above hypothesis.
When a PVA solution is subjected to a number of FTCs, during the first freezing
cycle, ice crystallizations cause the remaining polymer solution to concentrate,
bringing the molecular chains closer together. This promotes PVA crystallite
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formation between the ice crystals. Inter- and intramolecular hydrogen bonds are
also formed that connect the crystallites together and create an amorphous polymer
network. Thawing of the ice crystals leaves behind regions of low polymer con-
centration solutions. Subsequent FTCs will repeat the process, reinforcing the PVA
crystallites and tying up an increasing amount of the PVA molecules in the solution.
At the end of the process, the final thawing of the ice crystals leaves behind
micropores in the hydrogel body that are filled with the original solvent, typically
water [9].

The structure of PVA hydrogels by repeated freezing and thawing cycles has
been studied by several groups and the consensus is that they consists of a polymer-
rich region and a polymer-poor region, which is consistent with Willcox’s model [8,
10, 12, 15, 49, 50].

Based on micro-/nanodimension characterization, several structural models
have been proposed [8, 9, 32]. One of the most recent and up-to-date studies used
SANS. It was determined that the PVA-C structure consists of polymer crystallites
of ~3 nm in size dispersed in the polymer-rich region with a spacing of ~19 nm
between them [10]. During thawing, melting ice crystals create water-filled
micrometer-sized macropores that make up the polymer-poor regions. The struc-
tural evolution during the FT process is illustrated in Fig. 1a.

Interestingly, the FT process can be altered by adding one additional step to the
freeze—thaw procedure to create anisotropic PVA-C with orientation-dependent
mechanical properties. Since most natural tissues are anisotropic in structure and
properties, it is beneficial to be able to achieve this with polymer materials for tissue
replacement applications. Millon et al. produced the first PVA-C flat sheet and
conduit displaying anisotropic mechanical behavior similar to that of the porcine
aorta. Structural anisotropy was created by applying an orientational-specific strain
to the PVA sample after the initial FTC, and performing further thermal cycling on
it. It was suggested that the applied strain forces the polymer mesh and polymer-
poor phase to elongate in the direction of the strain. Subsequent FTCs then produce
ice crystals that freeze and thaw in the strained pores that are already present,
reinforcing the structure in the direction the strain is applied. The pores semi-
oriented in the direction of strain can increase in size with the additional cycling.
Additional crosslinking can also occur [10]. Figure 1b shows a model constructed
on the basis of the SANS data.

The unique poro-viscoelastic mechanical property of PVA-C when subjected to
external forces has been modeled using the finite element method. It has been
shown to be a direct result of the part-solid and part-liquid biphasic structure
[51]. This result is consistent with the model shown in Fig. 1b.

As the number of FTCs increases, the network mesh becomes denser and, hence,
the strength of the PVA-C increases with the number of FTCs. However, after seven
cycles, all available PV A materials in the initial solution are tied up in the mesh and
the mechanical strength of PVA-C levels off [45].

As the initial concentration of the PVA solution increases, more polymers are
available for network formation. The crystallinity increases and the polymer mesh
becomes denser, but the pore size becomes smaller [23]. The denser polymer mesh
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Fig. 1 (a) Effect of freeze—thaw cycles on the microstructure of PVA. (b) Effect of initial strain
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Fig. 2 SEM images of fractured cross-sections of critical point dried PVA-C of different initial
concentrations: (a) 10 %, (b) 15 %, and (c) 20 %. Reprinted from [23]

increases the strength of the PVA-C. Figure 2 shows the effect of increasing initial
PVA concentrations on the pore size of the PVA-C [23]. Willcox et al. used cryo-
TEM to measure the pore size of 19 wt% PVA-C after 12 FTCs to be ~30 nm
[9]. Nakaoki and Yamashita used thermodynamic equations to derive the pore size
of 10 wt% PVA-C to be 30.2 nm [52].

Medical devices, depending on the physiological environment surrounding
them, can be subjected to either compressive or tensile stress. Typical character-
izations of the mechanical properties of a polymer material involve the measure-
ments of its stress—strain curves, stress relaxation curves, and creep curves.

3.1.1 Compressive

The muscloskeletal system is a compressive stress environment. Any medical
device in this system will operate under a state of compression. Compressive
mechanical properties can be experimentally measured in either confined or
unconfined conditions. Due to the porous nature of tissue, most experiments are
carried out under unconfined conditions, in which the sample is compressed using
nonporous platens and is allowed to expand at the circumferential direction without
restrictions.
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Fig. 3 Effect of strain rate on 10 % PVA of (a) one and (b) six FTCs. Reprinted from [45] with
permission. Copyright © 2009 Wiley Periodicals

Stammen et al. performed unconfined compression on samples made from two
formulations of Salubria, which is a commercial cryogel of PVA and 0.9% saline
(but the number of FTCs were not specified in the paper), containing 80 wt% water
(~20 wt% PVA) and 75 wt% water (~25 wt% PVA). They measured the Young’s
modulus and the compressive failure of the samples in 37 °C deionized water using
a compressive ramp to 65 % at a strain rate of 100 %/min (1.67 %/s) and 1,000 %/
min (16.67 %/s). Their objective was to mimic the physiological conditions of
articular cartilage. The authors found that the compressive mechanical properties of
Salubria were significantly affected by strain and strain rate, exhibiting nonlinear
viscoelastic behavior [53]. At strains less than 40 %, the Young’s modulus of the
25 wt% was consistently higher than the 20 wt% samples, irrespective of material
strain rate; however, the trend reversed above 60 % strain. At 30 % strain, a strain
rate increase from 100 to 1,000 %/min had a strong effect on the 25 % samples but
not on the 20 % samples. The compressive Young’s modulus for the 20 % and 25 %
samples were 0.7-6.8 MPa (at a strain rate of 100 %/min) and 1.1-18.4 MPa
(at strain rate of 1,000 %/min), respectively. The compressive failure for the
20 % and the 25 % samples were found to be around 45 % strain at 1.4 MPa stress
and 60 % strain at 2.1 MPa stress, respectively [53].

Millon et al. performed unconfined compressive tests on 10 wt% PVA-C sam-
ples through 1, 3, and 6 FTCs. The samples were tested using strain-rates of 1, 10,
and 100 %/s at 0—45 % strain at 37 °C to mimic the physiological conditions of
cartilage. Figure 3 shows the strain-rate dependency of 10 % PVA at 1 and 6 FTCs.
The authors concluded that PVA-C exhibits the same exponential characteristic in
stress—strain behavior as cartilage. However, it has weak strain-rate dependency.
Only the six-cycle samples showed a statistically significant difference between the
strain rates tested. The elastic modulus measured was 1.18 MPa at 45 % strain and
at 100 %/s strain rate [45].

Wang and Campbell performed unconfined compressive tests on 3, 5, 15, 25,
35, and 40 % (all wt%) PVA-C samples through 1, 3, and 6 FTCs using a strain rate
of 2 mm/min (~0.28 %/s) with strain up to 25 % and temperature of 37 °C to mimic
the physiological conditions of intervertebral discs in the lumbar section. The
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Young’s moduli were measured at 5 and 20 % strain. They found that the Young’s
modulus increased with an increase in strain, PVA-C concentration, and number of
FTCs. The Young’s modulus measured was between 0.001 and 2.117 MPa at all
combinations of concentration, FTCs, and strain level [54].

Duboeuf et al. reported unconfined compression tests on 10 % PVA-C samples
through 2—5 FTCs using a strain rate of 5 mm/min (~0.45 %/s) with strain up to 8 %
at room temperature (22 £ 2 °C). They found that the stress—strain curves were
linear and that the Young’s modulus increased with the number of FTCs. The
Young’s modulus, measured between 3 and 8 % strain, was found to range from
0.065 to 0.167 MPa from two to five cycles. The authors also measured the stability
of the Young’s modulus over a 7-month period. For cycles 2 and 4, the authors
found that the Young’s modulus did not change significantly. However for cycles
3 and 35, there was a slight increase [55].

Nishinari, Watase, and coworkers studied the effect of degree of polymerization
(DP) on the strength of PVA-C. They performed dynamic mechanical analysis on
PVA-C samples of seven DPs (ranging from 470 to 17,900 of cycle 1) and of
different PVA concentrations. The storage Young’s modulus E’ and the mechanical
loss of the samples were measured using a 2-Hz excitation strain and at a temper-
ature range of 2—85 °C at a rate of 2 °C/min. The authors found that the storage
Young’s modulus £’ increased with concentration, and the same E’ value could be
obtained at lower concentration by increasing the DP [56]. In addition to the results
outlined above, there were several other related studies that reported similar results
[20, 57].

Based on the findings of the above papers, all concluded that the unconfined
compressive Young’s modulus of PVA-C is dependent on the strain, strain rate, DP
of PVA, concentration of PVA solution, and the number of FTCs. The Young’s
modulus reported falls in the range 2-20 MPa, depending on the chosen composi-
tion, processing parameters, and the testing conditions used.

The compressive strength of PVA-C can be greatly enhanced by pre- and post-
gelation processes such as solvent dehydration and thermal annealing; however,
these treatments will significantly reduce the water content of the PVA-C and its
lubricating properties, which is undesirable for cartilage and other orthopedic
applications. Bodugoz-Senturk et al. introduced a method to counteract this effect
by adding poly(ethylene glycol) (PEG) and poly(acrylamide) (PAAm) to PVA,
creating PVA-PEG theta gels and PVA-AAm hydrogels [58]. Unfortunately,
instead of reporting improvements in compressive strength, they reported improve-
ments in creep resistance.

3.1.2 Stress Relaxation and Creep

Stress relaxation characterizes how viscoelastic materials relieve stresses over time
under a constant strain. Creep characterizes how viscoelastic materials deform
slowly over time under constant stress. Both stress relaxation and creep are typi-
cally measured using the normalized value (stress or strain) versus time curve after
stress or strain is applied at time zero.
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Stammen et al. measured the stress relaxation curves for 20 and 25 % PVA-C by
applying a 20 % constant strain and monitoring the stress relaxation for 24 h. They
did not report the normalized stress-relaxation curves, instead they plotted the stress
(in MPa) variation over time [53].

Millon et al. studied the stress relaxation properties of 10 % PVA-C after 6 FTCs
by applying a 45 % constant strain and measuring the normalized stress relaxation
for 1 h. They observed that the stress remaining after 1 h did not completely level
off [45].

Wang and Campbell studied the stress relaxation curves for their samples by
applying a 25 % constant strain and measuring the normalized stress relaxation for
30 s. They also performed creep measurement. The initial load was applied by
compressing the samples at 4 mm/s (~33 %/s) up to 25 % strain or when it reached
223 N and holding the force for 30 s [54].

Wong performed creep measurements on 10, 15, and 20 % PVA-C of cycle 6 by
applying a constant stress of 0.05 MPa over 1 h The test was done in phosphate-
buffered saline. She found that the samples did not relax completely after 1 h and
that increasing the PVA concentration decreased the amount of creep [23].

Due to the biphasic nature and microporous structure of PVA-C, when it is under
compression, fluid will flow out of the PVA-C structure gradually until the hydro-
static pressure reaches equilibrium with the external load. This explains the
observed results that, as the concentration of PVA increases, the available water
content decreases and the stress relaxation and creep effect decrease [23, 51,
53]. For the rate of stress relaxation, both Millon et al. [45] and Wong [23] found
that after 1 h the PVA-C had relaxed to 45 % of its initial value but the relaxation
still continued. Stammen et al. reported that the relaxation had attained equilibrium
after 24 h [53].

3.1.3 Tensile

In many biomedical applications in the soft tissue environment or as soft tissue
replacement, such as the cardiovascular system, the material will experience stress
in tension. Knowledge of the tensile properties of PVA-C is therefore essential for
its consideration for use in such physiological environments. The tensile properties
of PVA-C have been measured by numerous research groups in the past. Typically,
the properties are measured using a material testing system. The test is performed in
deionized water or a buffer solution at room temperature or 37 °C. Tensile prop-
erties are found to be affected by the average molecular weight or degree of
polymerization and concentration of the PVA used, the number of FTCs the
samples have undergone, the strain and strain rate employed, the post-hydration
period, and the temperature and solution the samples are tested in. The resulting
stress—strain curves have a typical “J” shape, are nonlinear, and very similar to
those of soft-tissues.

Wan et al. researched into using PVA-C to mimic the tensile properties of the
porcine aortic root and evaluated the feasibility of fabricating a stent prototype for
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Fig. 4 (a) Tensile stress—strain curves of 15 % PVA-C through 1-6 FTCs (series A) in comparison
with porcine aortic root. (b) Comparison of stress-relaxation properties of 15 % PVA-C of cycles
2 (A2) and 6 (A6) with porcine aortic root. Processing conditions of PVA-C: freezing rate 0.2 °C/
min; thawing rate 0.2 °C/min; holding time at +20 °C 6 h; holding time at —20 °C 6 h. Reprinted
from [7] with permission. Copyright © 2002 Wiley Periodicals

the bioprosthetic heart valve [7]. They subjected PVA solution with 15 wt% to 1-6
FTCs with a hold time of 6 h at —20 °C and thawing rate of 0.2 °C/min. The
samples were tested under a constant strain rate of 40 mm/s (~200 %/s) to a
maximum of 80 % strain at 37 °C. In addition, the samples were also subjected to
stress-relaxation tests at 80 % strain held constant for 100 s. Figure 4a shows one of
the results obtained from their tensile test experiments. It shows the typical
J-shaped curves of the stress—strain characteristics of PVA-C in comparison with
those of porcine aortic roots. Figure 4b shows the stress-relaxation results. The
authors concluded that the variations in holding time at —20 °C had no significant
effect on the tensile properties of PVA-C and that the slower thawing rate improved
the tensile properties but did not affect the relaxation properties. The authors also
determined that the stress—strain curves of 15 wt% PVA-C at cycle 4 best matched
those of the porcine aortic root at 1749 % strain. The typical Young’s modulus was
about 350 kPa at 120 mmHg pressure.

Millon et al. developed techniques to fabricate anisotropic PVA-C by applying
an initial strain to the PVA samples in a given direction after they had undergone
one FTC. The strain was held during subsequent FT'Cs. This resulted in an increase
in the stiffness (Young’s modulus) of the sample in the direction (longitudinal) of
the applied strain. In the orthogonal (perpendicular) direction, stiffness remained
comparable to the isotropic control sample. The direction in which an initial strain
was applied resulted in a higher tensile strength than in the perpendicular direction.
As soft tissues are typically anisotropic, the PVA-C fabricated using this technique
provides a better matching of soft tissue properties than typical isotropic PVA-C.
Figure 5a shows the effects on the stress—strain curves in the longitudinal and
perpendicular directions of such PVA-C fabricated with an initial 25 % strain
applied in the longitudinal direction, in comparison with a sample with no initial
strain applied during the FTC. Figure 5b shows the effects on the Young’s modulus
of the resulting PVA-C with different initial strains applied during the FTCs [59].
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Fig. 5 (a) Stress—strain curves at the longitudinal and perpendicular direction of an anisotropic
10 % PVA-C of cycle 6 with an initial 25 % strain applied in the longitudinal direction during the
FTCs. (b) Effects of variation of initial strains applied to PVA-C during the FTCs. Reprinted from
[59] with permission. Copyright © 2006 Wiley Periodicals

Typically, tensile properties are measured using material testing machines, but
Fromageau et al. developed a method to measure the tensile properties of PVA-C
using four ultrasound elastography techniques. The authors measured the Young’s
moduli of 10 wt% PVA-C samples that had gone through 1-10 FTCs using this
technique and compared the results with those obtained from tensile testing
machines. Good correlations were obtained for samples from cycle 1 to cycle
6 [60].

3.2 Diffusion Characteristics

The porous structure of PVA-C, comprised of crystalline regions (~3 nm) and
amorphous regions (~19 nm) [10], allows for diffusion of molecules from the
cryogel matrix. Work reported by Stauffer and Peppas showed that the water
diffusion coefficient decreased as the number of FTCs increased [37], with a
diffusion coefficient decrease of 62 % occurring between the second and fifth FTC.

Hickey and Peppas showed that diffusion of solutes from a PVA cryogel
membrane is related to the mesh size, which is roughly related to the percentage
crystallinity. Also, there is a size exclusion phenomenon present as a result of the
presence of the crystallite network. The solute diffusion coefficient for theophylline
and FITC-dextran was determined to be dependent on the mesh size [61].

Release of protein (bovine serum albumin, BSA) molecules from PVA cryogel
nanoparticles was studied by Li et al. [62]. The authors found that the release was
diffusion controlled and that approximately 95 % of the total incorporated protein
was released within 30 h. Furthermore, BSA remained stable during the preparation
process. It was shown that diffusion increased as temperature increased, and
decreased as the number of FTCs increased from one to three. These observations
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Fig. 6 Release profiles of BSA from PVA hydrogels subjected to 1 (filled circle), 2 (open circle),
3 (filled triangle), and 6 (open triangle) FTCs. These hydrogels were composed of 10 % (w/w)
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Fig. 7 Effect of thawing rate on the release of BSA from the PVA hydrogels subjected to two
FTCs. These hydrogels were prepared using a fixed freezing rate of 0.10 °C/min and varying
thawing rate of 1.00 (open circle), 0.25 ( filled circle), and 0.10 °C/min ( filled triangle). These
hydrogels contained 10 % (w/w) PVA and 0.10 % (w/w) BSA

are consistent with what is known about the PVA matrix structure and the effects of
changing the processing parameters [62]. Building on these results, a comprehen-
sive and systematic study was undertaken by our group to provide a global view of
the effect of processing (number of FTCs, freezing rate, thawing rate) and compo-
sition (PV A concentration) parameters on protein release. PVA-C films prepared by
freeze—thaw cycling were used as model drug delivery vehicles with BSA as the
model protein. The results are summarized in Figs. 6, 7, and 8. Consistent with the
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earlier study, it was found that BSA release was mainly by means of a diffusion
mechanism. The diffusion coefficients of BSA could be controlled over a 20-fold
range by adjusting the processing parameters, including the number of FTCs, PVA
concentration, and freezing and thawing rates.

Increasing the number of thermal cycles decreases the release rate (Fig. 6).
Every thermal cycle after the first FTC resulted in an increase in the local PVA
concentration in the polymer-rich regions concomitant with an increase in the
volume fraction of the crystalline regions [61]. This leads to an increase in the
time required for the movement of BSA through the amorphous zones of the
polymer-rich region, resulting in the observed decrease in the release rate.

Decreasing the freezing rate also decreases the release rate at constant thawing
rate. The effect of changing thawing rate is similar to that of changing freezing rate
(Fig. 7). A decrease in the freezing or thawing rate allows more time for the
polymer chains to reorganize themselves into ordered domains, resulting in an
increase in the volume fraction of crystalline PVA and/or increase in the size of
the crystalline domains. This leads to a decrease in BSA mobility in the PV A matrix
and thus to a decrease in its release rate.

Increasing the PVA concentration in the PVA-C preparation solution decreases
the rate of BSA release (Fig. 8). An increase in PVA solution concentration results
in a higher polymer concentration in the polymer-rich region after a fixed number of
thermal cycles. This decreases the mobility of BSA, leading to an inverse relation-
ship between PVA solution concentration and release rate.

The BSA release rate can be contrasted to that reported for the mechanical
properties of PVA-C prepared under similar conditions. The trend in the BSA release
rate as a function of PVA solution concentration and number of thermal cycles is
analogous to that reported for the mechanical properties of PVA-C. It is interesting to
note that, although freezing and thawing rates have an effect on BSA release rate, the
thawing rate has a greater effect than that of the freezing rate. In addition, the effects
of these two parameters on the PVA-C mechanical properties are quite different.
Decreasing the thawing rate leads to significant increases in the mechanical proper-
ties, whereas changing the freezing rate had little or no effect [7, 63, 64].
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Fig. 9 (a) Release profile of Serp-1 from PVA-C in a buffer medium. PVA-C samples were
prepared using 10 % PVA solution, 0.1 °C/min freezing and thawing rate, two FTCs, and 200 pg
Serp-1. (b) Release profile of Serp-1 from PVA-C in human whole blood medium. PVA-C samples
were prepared using 10 % PVA solution, 0.1 °C/min freezing and thawing rate, two FTCs, and
200 pg Serp-1. Reprinted from [65] with permission

Although the close parallel between the effects of processing parameters on
diffusion and the mechanical properties of PVA-C can be clearly seen, the struc-
tural characteristics leading to these observations are quite different. For mechan-
ical properties, the changing stiffness as a function of processing condition is a
result of the changing volume fraction of crystalline regions of the material. On the
other hand, the diffusion properties are more a function of the properties of the
amorphous zone of the polymer-rich regions, largely affected by PVA concentra-
tion. Indirectly, the crystalline regions affect the amorphous zone by dictating how
tightly the polymer chains are packed, thus making the number of FTCs, freezing
rate, and thawing rate contributing parameters to the diffusive properties.
Irrespective of the origin of these two observed properties, they could be used to
create medical devices with integrated controlled release function, such as the drug-
eluting coronary stent, by tuning the mechanical and diffusion properties of the
PVA hydrogel simultaneously.

A recent study reports the release profile of the Serp-1 proteinase from PVA-C
[65]. Serp-1 is a serine proteinase inhibitor (serpin) secreted by the myxoma virus
and is a potential new therapeutic for cardiovascular diseases. It has exhibited anti-
inflammatory activity through the modulation of immune cell responses [66]. The
release profile of this protein in a buffer medium is typical of that of a diffusion
controlled process. However, it is interesting to know that the release rate of Serp-1
and its final release level attained differ in human blood and in buffer. The release
rate is twice as fast and in half of the time in blood than in buffer. The final release
level is complete in blood and appears to level off at around 50% in buffer. It was
suggested that there may be a difference in behavior between the two release media,
which is important to consider because human whole blood represents a more
realistic setting of the physiological environment in arteries. It is also possible
that interaction between PVA-C and blood components play a role in determining
the ultimate release rate (Fig. 9a, b) [65].
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4 PVA Composite Cryogels

PVA-C composites are prepared by the addition of fillers into the PVA solution
before the freeze—thaw process. The main purposes of filler addition are for
improving mechanical properties and for controlled release and delivery. A wide
variety of filler materials that vary in dimensions from micro- to nanometers have
been reported, but here we focus on two widely studied filler materials for their
relevance in biomedical applications: bacterial cellulose and chitosan.

4.1 Cellulose-PVA Composites

Bacterial cellulose (BC), a biocompatible natural polymer, has been studied signif-
icantly for the production of composite materials for biomedical applications. Its
polyfunctionality, hydrophilicity, and biocompatibility [67] make it a desirable
material for many different biomedical applications. It is a nanomaterial of roughly
50 nm diameter [68]. Cellulose produced by bacteria has high crystallinity,
mechanical strength, the capacity to absorb water, and a large aspect ratio [69,
70]. The use of BC as a composite material for PVA that has been crosslinked using
freeze—thaw cycling has so far been limited. The fabrication and use of this
composite material with its advantageous properties for biomedical applications
will be discussed here.

Wan et al. found that the addition of BC nanofibers to a PVA solution that was
then thermally cycled resulted in a PVA-BC composite cryogel that could be tuned
to possess the mechanical properties of cardiovascular tissue. BC and PVA-C
mimic the role of collagen and elastin, respectively, in soft tissues, making
PVA-BC a good candidate material for possible use as a cardiovascular tissue
replacement [42]. With the addition of 0.6 wt% BC, the nanocomposite material
had higher strength (for FTCs 1-3) and also possessed a broader range of mechan-
ical property control. Because the BC has a very large surface area per unit mass,
there is opportunity for significant hydrogen bonding with the PV A matrix, both BC
and PVA being hydrophilic polymers. This bonding results in the high strength of
the nanocomposite material. The material can be tuned easily by changing
processing parameters. Particular compositions of this material were able to show
excellent matching with the stress—strain properties of porcine aorta as well as
porcine heart valve. Additionally, the material showed faster relaxation and a lower
residual stress, which are desirable characteristics for cardiovascular soft tissue
replacement applications [42].

The PVA-BC nanocomposite is able to provide a wide range of mechanical
properties, depending on the processing parameters chosen for the material’s
application. As discussed in Sect. 3.1.2, the addition of an initial strain following
the first FTC can produce a cryogel with anisotropic mechanical properties. Car-
diovascular tissue is composed of the structural proteins collagen and elastin, and is
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anisotropic with a higher stiffness in the circumferential direction compared to the
axial direction [71-73]. For replacement of tissue such as this, or other soft tissue, a
composite material that possesses anisotropic properties could be extremely bene-
ficial. Millon et al. prepared PVA-BC samples and found that, compared to the plain
PVA system [59], the addition of BC resulted in an almost doubled anisotropic
effect, with the overall mechanical properties of the composite material dominated
by changes in the longitudinal direction. This is probably due to the fact that the BC
crystallites act as nucleation sites during freeze—thaw cycling and therefore promote
formation of PVA crystallites around the BC fibers when strain is applied. Stiffness
in both directions was found to increase with an increase in the number of FTCs.
The anisotropic PVA-BC demonstrated stiffness and relaxation properties very
similar to those of the porcine aorta, proving to be an excellent material for
potential applications [59].

Following this work, Wan et al. conducted studies on the PVA-BC composite
cryogel material for potential use in total joint replacement. In this application, the
mechanical properties must be tuned to replicate the properties of the articular
cartilage, with its composition of collagen fibrils and proteoglycans. Through
compression testing, it was determined that as the number of FTCs increases, the
stiffness of the composite material increases. This was consistent with previous
results and knowledge. Additionally, stiffness increases with increasing amounts of
BC in the PVA matrix. A small increase in weight percent of BC (from 0 to 0.3 %)
results in a significant increase in the composite material’s compressive properties.
This is shown in Fig. 10. Stress relaxation tests show that the remaining relative
stress decreases with an increase in BC concentration. These results are accounted
for by the fact that addition of a highly crystalline, hydrophilic BC as a reinforcing
biomaterial causes a strong interfacial interaction with the PVA matrix, resulting in
significant hydrogen bonding and, thus, creating a stronger material. This could
have potential for several biomedical applications [45].

A study conducted by Wang et al. employed the use of PVA-BC produced by
freeze—thawing as a composite material for use as an artificial cornea replacement.
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The work showed that this composite material is able to achieve similar mechanical
properties as the natural cornea and better than pure PVA-C. The composite
containing 12 wt% BC had a tensile strength of 3.9 MPa, which is very close to
the human cornea tensile strength of about 3.8 MPa [74—76]. Furthermore, the water
content of the PVA-BC composites decreases as BC concentration increases.
However, composite water content was close to that of the human cornea (78 %
[77]) at 67-73 %. Of utmost importance for this application is light transmittance of
the material. PVA-BC composite was found to have a high visible light transmit-
tance. Some of the tested compositions actually had a higher transmittance of
visible light than pure PVA, due to the nano-effect of the BC nanofibrils. In
addition, PVA-BC has good UV absorbance, which is important in preventing
damage to internal eye tissue. Overall, this composite material is promising for
use as an artificial cornea material [78].

4.2 Chitosan-PVA Composites

Another material that has been added to PVA to produce a composite cryogel is
chitosan. Chitosan is obtained from chitin by alkaline deacetylation. It is a cationic
polysaccharide, and has been proposed as a good material for addition to the PVA
matrix for cryogel composite production in order to enhance protein absorption
[79]. Due to the hydrophilicity of PVA, cell adhesion proteins are not able to
absorb, preventing cell adhesion [79]. Because of this, work to create a more
favorable environment for cell growth while still maintaining the beneficial
mechanical properties of the PVA cryogel structure is important for certain
applications.

PVA cryogels used for vascular tissue engineering scaffolds were modified to
improve cell attachment [80]. In this work, chitosan was added to PVA because of
its ability to improve vascular smooth muscle and endothelial cell attachment. The
blend was subjected to FTCs, immersed in a KOH/Na,SO, coagulation bath, and
the surface modified with collagen type 1. The structures were then seeded with
bovine aortic vascular smooth muscle and endothelial cells. The presence of
chitosan resulted in cell attachment to the surface in patches, which suggests that
the regions of high cell density are chitosan-rich and that the other areas are
chitosan-poor. Cell attachment and proliferation were shown to increase with an
increase in FTCs. Since the coagulation bath treatment essentially eliminates the
mechanical difference between samples of different numbers of FTCs, the surface
topography is suspected to be responsible for this difference [80].

In another study that focused on the mechanical and morphological properties of
PV A-chitosan cryogels, water-soluble chitosan with a deacetylation degree of 85 %
(WSC), and water-insoluble chitosan (WIC) were added to PVA separately to
produce two different chitosan-PVA cryogel materials, as well as a control plain
PVA cryogel. After freeze—thaw cycling, the samples were submerged in a coag-
ulation bath to crosslink the chitosan, because it would not be crosslinked by
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thermal cycling, as well as to neutralize the low pH due to the presence of acetic
acid. It was found that, again, the number of FTCs has an impact on the mechanical
properties. Both WSC and WIC samples demonstrated similar elastic behavior, and
the PVA-chitosan samples provided a fairly good replication of the stress—strain
behavior of porcine aortic tissue. The macroporous structure was shown to change
with the addition of chitosan. For plain PVA, the structure changed visually as the
number of FTCs increased, but the change in pore size was not statistically
significant after one, two, and four FTCs. When either WSC or WIC was added,
the internal structure changed significantly as a function of the number of FTCs.
After the second FTC, the pore size increased, and it increased again after the fourth
FTC. This study was effective in showing that, although the addition of chitosan
may be beneficial for cell adhesion, we cannot ignore the effects that it has on the
PVA-C macrostructure and mechanical properties [81].

A system comprised of PVA and chitosan was produced for use as a drug
delivery vehicle for the antibiotic sparfloxacin, as well as for use in an antibacterial
wound healing device. The addition of chitosan for drug delivery systems can be
done to help sustain the release of water-soluble drugs or enhance the availability of
water-insoluble drugs. Chitosan also has an intrinsic antimicrobial activity. Differ-
ent compositions of PVA and chitosan were made and processed through freeze—
thaw cycling. Results showed that swelling percentage and gel fraction percentage
increased with an increase in chitosan concentration and decreased with an increase
in PVA concentration and the number of FTCs. The amount of polymer degraded
over a fixed time increased with an increase in chitosan content or a decrease in
FTC number. Antimicrobial activity for a variety of Gram-positive and Gram-
negative bacteria was tested and it was found that no antimicrobial activity was
present at low chitosan percentages but increased as chitosan content increased.
Sparfloxacin was added to the chitosan/PVA blend solution before freeze—thaw
cycling and its release was determined to be affected by the thickness of the
membrane, pH, and temperature of the medium. The total amount of drug released
was decreased with an increase in pH due to the presence of NH, within the
hydrogel structure that can be ionized at low pH to allow for release. The drug
release increased with an increase in thickness and media temperature. This system
shows how the addition of chitosan to the PVA cryogel can impart important
antimicrobial activity, as well as provide a temperature- and pH-responsive system
for drug release [82].

A comparison of composite materials using chitosan, gelatin, and starch added to
PVA was reported [79]. A sample for each different component added to PVA was
prepared and treated with freeze—thaw cycling and coagulation techniques for
application as artificial blood vessels. The resulting mechanical properties were
found to be controlled by the PVA rather than by the other components. Each PVA
composite sample was found to have similar stiffness behavior to arteries. Increas-
ing the number of FTCs as well as coagulation bath treatment (7.5 % KOH and 1 M
Na,S0,) increased the modulus of the hydrogels. Coagulation bath treatment was
also shown to increase the resistance of the hydrogel to degradation. Cell adhesion
and proliferation studies showed that the addition of a composite material was



306 W. Wan et al.

beneficial for both cell adhesion and proliferation relative to plain PVA-C. The
addition of gelatin was most effective in improving these factors compared to
addition of chitosan or starch [79].

5 Biomedical Applications

The properties of PVA-C summarized and reviewed thus far demonstrate many of
the desirable properties that make it the material of choice for a broad range of
biomedical applications. Using the freeze—thaw cycling procedure, PVA-C can be
prepared with both tunable mechanical properties and diffusion properties. With the
addition of biocompatible nanofillers such as bacterial cellulose and chitosan, the
range of these properties can be further broadened. The diffusion properties and
some applications of PVA-C for controlled release and delivery have already been
covered (see Sect. 3.2). The focus of this section will be on the use of PVA-C as a
material for medical devices.

5.1 Medical Devices

With tunable properties and the ability to create anisotropic orientation-dependent
mechanical properties, PVA-C and its composites are suitable candidate materials
for medical device application. In this section, we will focus on the use of PVA-C in
cardiovascular devices, including vascular grafts and heart valves, and in orthope-
dic devices, including cartilage and intervertebral discs.

5.1.1 Orthopedic Devices

Orthopedic devices are used for repair and/or replacement in the musculoskeletal
system, which is under varying amounts of compressive stress. In considering the
use of PVA-C in orthopedic applications, its compressive mechanical properties
(discussed in the section on mechanical properties, Sect. 3.1.1.) are the most
important parameters to be taken into account.

5.1.2 Intervertebral Discs

Intervertebral discs (IVD) maintain the space between vertebrae. This gap serves as
a passageway for spinal nerve bundles to pass through to various parts of the body
from the spinal cord. It also allows for motion in the spine, distributes and transfers
load to the vertebrae, and provides shock absorption [83]. As humans age, the [VDs
degenerate. As a result, some may lose their original thickness or mechanical
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integrity. Diseases of the IVD are among the causes of neck and back pain [84, 85]
that lead to work absenteeism [86], disability claims [87, 88], and a decrease in the
quality of life [89]. IVDs are cartilaginous, composed mainly of collagen and
proteoglycans, and have a high water content [84, 90, 91]. They also have low
cell numbers and little to no vascularity [84]. Therefore, IVDs have limited ability
to heal and regenerate to regain function. The main surgical treatment is to fuse
adjacent vertebrae together. However, this approach limits the movement of the
patient and effectively shifts the stress to the adjacent vertebrae, developing
problems down the road. In recent years, total disc replacement is gaining popu-
larity. The FDA had approved several IVD prosthetic devices. These are mainly
made from metal and are typically designed for supporting the bodily load and
movements, but with questionable shock-absorbing capabilities. PVA-C prosthesis
for IVD total replacement has potential because of its shock absorption capability
and biocompatibility.

Wang and Campbell measured the characteristics of PVA-Cs made with varying
PVA solution concentrations (3—40 %) and FTCs (1-06) in an attempt to match the
mechanical behavior of IVDs based on the Young’s modulus, stress relaxation, and
creep characteristics under simulated physiological conditions. The authors were
only able to match the stress-relaxation and creep characteristic of the IVDs [54].

Instead of total disc replacement, another approach is the replacement or rein-
forcement of the nucleus pulposus (NP) at the center of the disc with a material that
can re-inflate the disc to restore disc height and function. Materials tested include
stainless steel ball bearings, polymethylmethacrylate, and silicon, all without much
success. More recently, NP implants have been made from cycle-6 cryogels fabri-
cated from a mixture of PVA and polyvinyl pyrrolidone (PVP) with a ratio varying
from 1 to 5 % by weight. The implants have been tested and found to better match
the physical properties of the NP [92].

Future research efforts in IVD arthroplasty should focus on either partial or full
disc functional restoration. This may include NP implants and/or reinforcement or
total disc replacement. PVA-C, as a hydrogel, has many interesting properties, such
as its long-term biocompatibility and nontoxicity. It is also strongly hydrophilic and
viscoelastic with nonlinear stress—strain characteristics similar to the IVD. It has a
very low coefficient of friction and has good wear resistance [23]. However, its
strength is still too low to serve as a practical functional replacement of the annulus
fibrosus. PVA-BC may further increase the strength of the PVA-C to make it a
viable candidate material for IVD fabrication.

5.1.3 Cartilage

Damaged cartilage can occur from sports or accident-related injuries, as well being
a result of degenerative joint disease, which is very common. Total joint replace-
ment is one of the main approaches for treating cartilage degeneration. There is
need for a synthetic biomaterial that can mimic the natural cartilage tissue for this
purpose. Commonly, ultrahigh molecular weight polyethylene (UHMWPE) is used
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as the articular cartilage component, but is not a good match for the mechanical
properties. The shock absorption, lubrication, and deformation are inadequate and
cause high levels of wear [45]. PVA-C has been studied as a candidate for use as
artificial cartilage tissue due to its high water content, viscoelastic properties, and
porous structure, all contributing to the resemblance to natural articular cartilage
tissue. Furthermore, the natural articular cartilage has been described as possessing
biphasic lubrication qualities, which allow movement of fluid away from the
contact site over a period of loading. This lubrication, which is intrinsic to natural
join tissue, should be mimicked by artificial replacements [93]. According to Oka
et al., the requirements for a good artificial articular cartilage material include good
lubrication, sufficient shock-absorbing ability, good biocompatibility, firm attach-
ment to the bones underneath, and high resistance to wear [94].

It was been shown that under both tension and compression, PVA-C displays
nonlinear mechanical properties and viscoelastic behavior [95]. Additionally,
PVA-C has been observed to have better wear resistance and friction coefficient
than UHMWEPE [96, 97].

Oka et al. used PVA dissolved in a mixture of water and DMSO to prepare
PVA-C and study its properties as artificial articular cartilage. They found that the
PVA-C sample allowed a fluid-filled gap, very similar in thickness to the joint space
present in natural articular cartilage, to be maintained between the sample and the
counter-surface under loading. This is beneficial in maintaining proper fluid film
lubrication and weight bearing. In addition, PVA-C displayed a good damping
effect by having a lower peak stress value and maintained it for a longer period of
time under loading [94].

Articular joints are exposed to compressive forces that are applied very quickly,
as well as to very large shear forces. Stammen et al. [53] recognized PVA-C as a
viable option for total joint replacement but only if the load-bearing properties
could be matched with those of natural tissue. Studies of the compressive tangent
modulus and shear tangent modulus were undertaken for the PVA-C product, and a
limited strain-rate dependence under unconfined compression was displayed.

Kobayashi et al. were able to use PVA cryogels as an artificial meniscus in
animal models. The mechanical properties and viscoelastic characteristics as well
as biocompatibility of the material are beneficial for this application. PVA was
processed in a DMSO/water solvent, vacuum dried, and heated for annealing. It was
then left in water, cut and processed into meniscus form, and used as a prosthesis in
rabbits. The samples remained intact for up to 2 years and no fracture or degrada-
tion of its mechanical properties occurred. Biocompatibility was also found to be
satisfactory [98].

Swieszkowski et al. studied the use of PVA-C as cartilage replacement for the
shoulder joint. PVA-C was used as the articular layer of the glenoid component.
The mechanical effects of using this material in the glenoid component were
evaluated and a model of the cryogel as a hyperelastic material was developed to
allow design modifications to limit contact stress [96].

To overcome the issues of limited durability and poor adhesion to tissue, Pan
et al. incorporated nano-hydroxyapatite (nano-HA) into the PVA-C matrix
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[99]. Nano-HA has been used as a biomaterial for bone repair because it provides
bioactive properties and increases adhesion between the natural tissue and com-
posite biomaterial. The nano-HA improves osteoblast adhesion to the biomaterial
surface, providing a bioactive bonding interface. The composite material displayed
typical viscoelastic properties, with the elastic properties being contributed by the
crystalline regions of the PVA and the nano-HA particles, and the viscous charac-
teristics coming from the amorphous PV A regions and incorporated free water. The
addition of nano-HA changed the tensile properties of the material by increasing the
strength with an increase in HA weight percent, until 4.5 wt%, at which point the
strength begins to decrease with an increase in HA content. These trends were
accounted for by the increase in interfacial bonding strength between nano-HA
particles and polymer matrix, until a certain point at which agglomeration of nano-
HA particles reduces the composite strength. The tensile modulus was shown to
increase initially with an increase in nano-HA content and then decrease and
stabilize due to improved rigidity and decreased degree of crystallinity occurring
simultaneously as nano-HA content increased. The effect of elongation and freeze—
thaw cycle times on the tensile modulus was studied and it was found that the
tensile modulus increased linearly as elongation ratio increased and also increased
as FTC time increased. The relationship of tensile modulus and elongation is
similar in the composite material and in natural articular cartilage because good
deformation ability occurs under low stress conditions. The biomaterial can better
withstand high stress conditions due to its higher tensile modulus. These properties
are beneficial for a material that must withstand both low and high stress activities,
uniformly distribute stress across the tissue, and resist large compressive forces to
prevent tissue damage [99].

Another composite material, PVA-BC (described in Sect. 4.1), was studied by
Millon et al. as a potential material for cartilage tissue replacement. Bacterial
cellulose added to PVA to form a nanocomposite cryogel showed improved
strain-rate dependence and good viscoelastic properties for mimicking natural
cartilage tissue [45].

Research efforts so far indicate that PVA-C and its composites are promising
artificial cartilage replacement materials. Future research efforts should focus on
increasing the strength and stiffness of PVA-C. This could be achieved by better-
designed nanocomposites. Another challenge is the incorporation of strain-rate
dependence properties into the PVA-C material, which are essential for it to
withstand high rates of stress changes and function like natural cartilage tissue.

5.1.4 Cardiovascular Devices

Due to the necessity of maintaining blood flow in the cardiovascular system, a
positive pressure is always maintained within the system. As a result, tissues
making up the system are always under pulsatile tensile stress. In considering the
use of PVA-C in cardiovascular applications, its response to pulsatile tensile stress
must be taken into consideration. Mechanical property parameters of relevance
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Fig. 11 (a) PVA-C heart valve stent in natural state and deformed state. (b) Four-part injection
mold for the PVA-C heart valve stent. Reprinted from [7] with permission. Copyright © 2002
Wiley Periodicals

include Young’s modulus and stress relaxation properties. These parameters have
been discussed in the section on mechanical properties (Sect. 3.1).

The aortic heart valve, which controls the flow of oxygenated blood from the left
ventricle into the ascending aorta for distribution to the whole body, is prone to
failure. The most common types of artificial replacement are the mechanical and
the bioprosthetic heart valves, but they both have shortcomings. One of the early
attempts to use PVA-C to alleviate the mechanical problems that can lead to tissue
tearing, calcification, and eventual failure of the bioprosthetic heart valve addressed
the lack of expansibility of the mounting stent [7]. The PVA solution composition
and freeze—thaw cycling processing conditions for the preparation of PVA-C that
best mimics the mechanical properties of the porcine aortic root were determined. A
prototype heart valve stent was designed and produced using selected PVA-C
processing conditions. This study showed that PVA-C can be prepared with tensile
and relaxation properties that span a fairly broad range, thus opening the possibility
of their use in soft tissue replacement applications (see Fig. 11a, b).

A subsequent study explored the use of PVA-C to produce a one-piece trileaflet
heart valve. In this case, a separate heart valve stent is not necessary [100]. A
prototype valve was designed and produced using PVA-C (shown in Fig. 12). Using
a cyclic flow tester, opening and closing of the PVA-C heart valve prototype was
successfully demonstrated. A beneficial property of this design and the choice of
PVA-C as the valve material is that the heart valve can be compressed temporarily
into a small size so that it can be inserted into the chest cavity through a keyhole
incision, thus alleviating the need for open heart surgery [100].

Because natural tissues have anisotropic mechanical properties, in order to better
replicate the properties of soft tissue, specifically cardiovascular tissues such as
heart valve leaflet and vascular conduits, these anisotropic mechanical properties
should be incorporated into the design of PVA-C. PVA-C prepared by the standard
freeze—thaw cycling process is isotropic, with mechanical properties independent of
sample orientation. Millon et al. [59] produced anisotropic PVA-C by subjecting
the hydrogel to an initial controlled unidirectional strain after the PVA solution
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Fig. 12 PVA-C heart valve
prototype constructed using
the arc subtending two
straight lines geometry that
integrates into a single part
the three leaflets, stent, and
sewing ring. Reprinted from
[100] with permission.
Copyright (2004) Elsevier

underwent the first thermal cycle of the freeze—thaw cycling process [59]. This
changed the microstructure of the PVA-C, causing the crystallites to orient in the
direction of the stress. Details of the nanostructure of the anisotropic PVA-C have
been studied using SANS and USANS [11]. Differences for tensile properties
between the longitudinal and perpendicular directions increased as the initial strain
applied after the first cycle was increased. The porcine aorta has a higher strength in
the circumferential direction than in the axial direction by a factor of 1.75 at a strain
of 65 % [42]. These properties are closely matched by the anisotropic PVA-C
prepared using three FTCs at an initial strain of 75 %. Finally, stress relaxation tests
show that the anisotropic PVA relaxes as fast as porcine aortic tissue and to a lower
residual stress, making it a promising material for aortic tissue replacement appli-
cations, including heart valves and vascular grafts. Preparation of prototype vascu-
lar grafts using the anisotropic PVA-C has been demonstrated [10].

In the process of expanding the mechanical properties range of PVA-C by the
creation of the PVA-BC nanocomposite [42], an anisotropic PVA-BC
nanocomposite was also prepared using a procedure similar to that for the aniso-
tropic PVA-C [59]. This anisotropic PVA-BC nanocomposite proved to be a
material that possesses mechanical properties that closely match those of the
porcine aorta, thus making it an attractive material for replacement vascular graft
preparation and other cardiovascular applications. The material properties of the
anisotropic PVA-BC have been incorporated into the design of a one-piece trileaflet
heart valve using a nonlinear finite element modeling method [101].

5.2 PVA-C Tissue Hybrid

For medical device application of PVA-C, it is certainly important that its mechan-
ical properties closely match the tissue it is replacing and are compatible with the
tissue environment it is implanted into. However, for cardiovascular devices, which
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Fig. 13 Schematic of PVA hydrogels functionalized via fibronectin by two pathways: a simpler
route (path 1) works well for PVA-C (1 + 2 — 3 — 5). For chemically crosslinked PVA
hydrogels, the route necessary (path 2) requires an additional step involving the reagent carbonyl
diimidazole (CDI) (1 +2 — 3 — 4 — 5). Reprinted from [110] with permission. Copyright
(2011) Elsevier

have direct blood contact, PVA-C would also have to be hemocompatible. Unfor-
tunately, as with most synthetic materials, PVA is not hemocompatible [102]. One
way to overcome this is to create a hemocompatible surface for PVA-C. In vascular
tissue, hemocompatability is provided by a monolayer of vascular endothelial cell
on the tissue surface. PVA, being a very hydrophilic polymer, is not conducive to
cell adhesion [103]. Many approaches have been tried to promote cell adhesion to
the PVA surface with varying degrees of success [79, 104—109]. We have recently
reported two approaches that successfully functionalized the PVA-C surface for
cell adhesion, including the vascular endothelial cells that are required for
hemocompatibility. The resulting material consists of mechanically tuned PVA-C
and a living interface of vascular endothelial cells. It can be regarded as belonging
to a novel class of “biomaterial-tissue” hybrid materials and, in the present
combination of materials, we called it a “PVA-C tissue hybrid”.

In one study [110, 111], the cell adhesion peptide RGD was chemically attached
to the PVA-C surface using a more simplified functionalization reaction route than
that reported for glutaraldehyde-crosslinked PVA (Fig. 13) and endothelization was
demonstrated on the functionalized surface (Fig. 14). It is interesting that the
chemical reactions required for RGD bonding are simpler than those used for
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Fig. 14 Confocal micrographs of radial artery cells seeded onto samples of PVA-C control,
PVA-C soaked in fibronectin (FN), PVA-C-FN (FN-functionalized PVA-C) prepared without
CDI, and PVA-C-FN prepared with CDI. Cytoskeleton (red) was labeled with anti-smooth muscle
a-actin—Cy3-conjugated IgG2a primary. Cell nuclei (blue) were labeled with Hoechst 33342.
Scale bars: 50 pm. For further experimental details, refer to [110]. Reprinted from [110] with
permission. Copyright (2011) Elsevier

glutaraldehyde-crosslinked PVA hydrogel. The difference clearly shows the advan-
tage of PVA-C and is attributed to the availability of all the —OH groups for
functionalization in PVA-C. In the case of glutaraldehyde-crosslinked PVA, an
appreciable fraction of these —OH groups are used for crosslinking and are thus not
available for functionalization [110].

Another study aiming to impart cell adhesion properties to PVA-C made use of a
recently synthesized novel poly(amic acid) (PAA) polymer that has been shown to
be cell compatible to form a PAA-grafted/crosslinked-PVA hydrogel (PAA-g/c-
PVA). Functionalization of the PVA-C surface was accomplished by grafting of the
PAA onto it to provide sites for cell attachment (Fig. 15). Successful
endothelization with vascular endothelial cells was demonstrated (Fig. 16) [111].

Both of these approaches are important steps towards the creation of PVA-C
tissue hybrids for cardiovascular applications and specifically for heart valves and
vascular grafts.
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Fig. 15 PAA-g/c-PVA cryogel synthesis. The reaction requires the use of equimolar amounts of
PAA, PVA, and 4-dimethyl aminopyridine (DMAP) and an excess of 1,3-dicyclohexyl
carbodiimide (DCC). Reprinted from [111] with permission. Copyright © 2011 Wiley Periodicals

6 Future Perspectives

PVA is a well-known biocompatible material that can be chemically crosslinked
into a hydrogel with many demonstrated biomedical applications. When it is
physically crosslinked into PVA-C using the freeze—thaw cycling process, the
resulting hydrogel (cryogel) possesses additional characteristics such as nontoxicity
and tunable mechanical properties. The anisotropic PVA-C has mechanical prop-
erties that closely match those of the natural soft tissue, including orientation. These
additional characteristics make it an especially attractive candidate material for
medical device applications.

For orthopedic devices such as the IVD, the key is to be able to increase the
stiffness and strength of the PVA-C. This could be accomplished via PVA-C
nanocomposites. In both IVD and cartilage applications, a strain-rate dependent
mechanical response is essential. This again may be possible by formulating
PVA-C composites with a specially designed filler that can mimic the properties
of elastin and protoglycans in the tissue.
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Fig. 16 (a) Confocal images of endothelial cells at 4, 24 and 48 h on PVA-C hydrogel, on an
uncoated (control) coverslip, and on PAA-g/c-PVA. (b) Confocal images of endothelial cells at
48 h on glass coverslips and on PAA-g/c-PVA, focusing on the boxed areas in (a). Cell nuclei
(blue) are labeled with Hoechst 33342. Cytoplasmic protein is stained green with the anti-von
Willebrand factor. For further experimental details, refer to [111]. Reprinted from [111] with
permission. Copyright © 2011 Wiley Periodicals

In cardiovascular devices, it is essential to impart hemocompatibility to PVA-C.
The concept of a biomaterial-tissue hybrid in the form of endothelized PVA-C has
been demonstrated. Much work still needs to be done to firmly established this
approach and translate the results into the geometry of a vascular conduit.
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Moving ahead, there are certainly challenges facing the use of PVA-C in
biomedical applications, but the future looks promising.
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