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Abstract:

There exists a technological need for advanced materials with improved properties for emerging
biomedical applications. Recent developments in macroporous materials have demonstrated their
applicability as indispensable tools in biomedical research. Cryogels, which are materials with a
macroporous three-dimensional structure, are produced as a result of controlled freezing during
polymerization with a highly interconnected polymer network. Cryogels’ interest lies in their ability
to address some of the limitations of their hydrogel analogues. In this review, we first discuss basic
hydrogel and cryogel concepts as a short primer for readers unfamiliar with the cryogels literature.
Next, we provide a general overview of the methods for synthesis and characterization of cryogels,
highlighting key concepts relevant to cryogels and explaining their unique properties. Finally, we
provide an in-depth overview of specific technologies and fields where cryogels have been applied.
We illustrate how the latest advances in cryogel technologies are able to address challenges in

bioseparation, tissue engineering, and other emerging bioengineering disciplines.
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1. Introduction

The next generation of biomedical advances require materials with unique properties. The
utility and versatility of gels has placed them at the forefront of biomedical research. Gels can be
defined as materials consisting of a network component and a swelling agent. Hydrogels are gels in
which the network component are hydrophilic polymers and the swelling agent is water.[') Hydrogels
can be classified according to several parameters, which, in addition to several listed in an excellent
review by Ahmed,?) include porosity! and particle network typel*! (Table 1). It is worth noting that
although “supermacroporous” is not an official International Union of Pure and Applied Chemistry
(IUPAC) term, it has been used informally in the hydrogel literature to describe pore diameters
ranging from 10-200 pm, where excellent mass flow and significant interaction with biomolecules
become feasible.! In various applications, efforts to utilize hydrogels have been undermined by their
lack of a highly elastic interconnected macroporous network. A prominent method for introducing
interconnected macroporous networks in hydrogels is the utilization of materials that cause
disruptions in the gel or “porogens” such as crystalline particles,!®! immiscible solvent,l”l gas
bubbles,!®l and photolithography molds,” which all must later be removed from the resulting
materials. Porogen-based syntheses have yielded interconnected pores up to and including the
supermacroporous level in diameter. However, the resulting hydrogels manifest inherent risks when
used as biomaterials. Remnant porogens not only represent potential cytotoxins, but they also present
potential physical barriers in tissue engineering by blocking cell infiltration.!!

Cryogels can be defined as hydrogels in which a controlled polymerization occurs at subzero
temperatures, yielding an elastic interconnected network of macropores!!!l. Cryogels can be traced
back as early as the 1940s!!2l. However, significant interest in cryogels arguably did not occur until
the 1980s!!3l. Paradigm shifts in cryogel science that are highly relevant to this review include: i)
increased interest in the unique aspects of cryogel synthesis and characterization; key findings from
the 1980s on the freezing behavior of polyacrylamide cryogels, for example, still influence modern

research on these systems!!#l, ii) The then-novel accomplishment of whole cell entrapment in cryogels
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(specifically of microbes), also in the 1980s!!5]. This particular achievement implicated cryogels both
as chromatography monoliths, which remains their most popular application, and as tissue
engineering scaffolds, which as of 2016, is their fastest growing application!®), Advances in polymer
chemistry continue to lead to advances in cryogel synthesis.[!]

In this review, we first provide a mechanistic explanation of cryogel synthesis, including
sections on physical and chemical cross-links and specifically addressing the limitations of each. We
then describe different types of cryogels, especially novel approaches to generate composite and
stimuli-responsive materials. We emphasize cryogels’ physical properties and their characterization.
In the subsequent sections, we focus on specific applications of cryogels. Initially, cryogels were used
in bioseparation as chromatography monoliths. We aim to provide a detailed account of
bioseparation-related applications of cryogels, including biomolecule and cell separation,
bioanalytical chemistry, cell immobilization, and biocatalysis. Next, we emphasize the importance of
cryogels in tissue engineering applications. We focus on the use of cryogels in mimicking various
tissues and the advances that have resulted in the application of cryogels, even when fabricated using
traditionally non-biocompatible precursors and as cryogel based bioreactors. Finally, we provide an
overview of other relevant bioengineering applications of cryogels. For example, cryogels are
presented as a solution to the limitations of cell-based therapies, as cancer vaccines and as drug
delivery vehicles. We have set out to demonstrate that materials with unique biophysical properties
can lead to various novel biological applications, and that advanced cryogels represent an effective

and dynamic solution to these challenges.

2. Overview of cryogels

Cryogels, which are advanced forms of hydrogels, have revolutionized the field of biomedical
research. The highly interconnected, macroporous structure of cryogels has proven to be essential for

many biomedical applications. Unique cryogel properties that include high water content, porosity,
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(2. 18. 191 Various

and soft consistency make them capable of closely simulating natural living tissue.
types of cryogels can be synthesized through different techniques and various characterization

methods can be used to describe their properties, such as their interconnected macroporous

architecture.?%- 211

2.1 Synthesis of cryogels

Cryogel synthesis circumvents the need for porogens by utilization of frozen solvent for pore
formation. Frozen solvent leaves behind pores after removal (Figure 1). Freeze-thawing also tends
to be less time- and resource-consuming.?2l However, when done at a specific pressure and
temperature, freeze-drying can optimize the efficiency of cryogel monoliths by introducing
nanospines in the cryogel.[*) Various parameters of the cryogelation process can be tampered with to
customize cryogels for their intended use, several of which are listed in an excellent review by
Henderson et al. (Table 2).1'% One other method of cryogel customization include cyclic
cryogelation, which utilizes cycles of temperature increases and decreases after the freezing step.
Each cycle results in a net gain of hydrogen bonds in the polymer network, yielding mechanically
stronger cryogels with high polymer network uniformity and thermal conductivity.?*! Cryogels can
also be made mechanically stronger using so-called “cryogelation within cryogelation,” in which
cryogelation occurs within pores formed via cryogelation.[*! Another advantage of cryogels relative
to hydrogels include gelation at lower initiator concentrations than their hydrogel counterparts,

yielding more economically produced cryogels.[?%]

2.1.1. Cryogelation vs. conventional fabrication methods

Over the last 20 years, macroporous scaffolds used for different biomedical applications have

29, 30, 31, 32, 33

been fabricated through numerous techniques:!?” 28! salt/porogen templating,! I gas

34-40 41-43, 44, 45

foaming,34+4 3D printing,! I freeze-drying,*® 471 and cryogelation!*® %511 are the most

common among these methods. However, cryogelation is the only fabrication method through which
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a highly interconnected 3D macroporous matrix can be obtained. In addition, cryogelation is the
easiest and least time consuming technique that can be used for fabricating injectable macroporous
scaffolds as large as 64 mm?.[*? Here, we will review the above methods in detail, noting their

limitations and inconveniences (Figure 2).

2.1.2. Salt/Porogen Templating

Salt/porogen templating due to its low cost and simplicity has been one of the most common
methods used in preparing macroporous 3D scaffolds.!?®! In this technique, salt particles or polymeric
microbeads can be used as a template to create micro-/macrosized pores within hydrogels. The salt
particles or polymeric microbeads can be further dissolved by submersion in an appropriate solvent,
leading to the formation of a porous network. Historically, salt particles have been used in this
technique owing to their availability, ease in handling, low price, and stability during processing
under various conditions.>*) Due to the bio-inertness of sodium chloride crystals, they have been the
most commonly used type of salts for the fabrication of porous hydrogels.?!

Various polymer precursors—including poly (ethyleneglycol) (PEG), poly (e-caprolactone)
(PCL) B4, oligo (PEG) fumarate,[® alginate-g-poly (N-isopropylacrylamide),>) and poly (2-
hydroxyethyl methacrylate) (PHEMA)®—can be used to fabricate scaffolds with an interconnected
and highly porous morphology. These scaffolds exhibit improved swelling properties when
synthesized in the presence of NaCl-based salt templating, generating pore sizes of 180—400 pm.
However, a high concentration of salt is required for this fabrication technique, which decreases the
purity of the final scaffold and can cause a high osmolarity. Furthermore, the possibility of the salt
crystals remaining undissolved within the hydrogel scaffold has limited this technique’s applicability
to biomedical applications.?®) To overcome these limitations, researchers have investigated
degradable polymeric microbeads to be used as alternative porogens for the fabrication of
macroporous polymeric scaffolds.[?8] In one study, Delaney et al. integrated well-defined geometric

microspheres made of calcium alginate into hydrogels, taking advantage of their reversible gel state;
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these alginate microgels could subsequently be solubilized and removed, resulting in the formation
of an open macroporous network.” In another study, Hwang et al. used the thermoresponsive gelling
property of gelatin in order to produce gelatin beads as large as 150-300 pm to formulate
macroporous alginate hydrogels which can be utilized for cell encapsulation.®®! An important
consideration when using porogens during scaffold fabrication is that they are not only nontoxic and
cytocompatible, but that they also have controlled degradation times relevant to their application.!’]
Challenges associated with complete elimination of porogens from the polymer network limits the
applications of this technique to the fabrication of only relatively thin scaffolds (usually <500 pm
thick). It should be noted that as the salt/porogen templating technique mostly relies on the use of
cytotoxic organic solvents that require a long drying process to ensure complete purification of the
salt/porogen, this technique may not result in a perfectly biocompatible biomaterial matrix.
Furthermore, the need for extraction of salt/porogen and the subsequent purification steps make

salt/porogen templating a relatively time-consuming method.

2.1.3. Gas foaming

Gas foaming is another well-known and common method for fabricating macroporous
hydrogels. In this technique, the polymer network forms around gas bubbles that have been captured
throughout the matrix. The gas bubbles can be formed within the precursor solution through active

34-40

bubbling or in-situ generation of gas bubbles.***%1 The most common gas forming agent used is

sodium bicarbonate, since it produces CO> gas in an acidic environment.’!) However, alternative
types of carbonates and nitrates, such as ammonium and potassium carbonates and sodium nitrite,7!
could also be utilized for such purposes. Foaming agents are mostly chosen based on their cost, safety,
by-product generation, and the type of residual products that remain within a scaffold post-
fabrication. Factors influencing the size of pores within scaffolds when using foaming agents include

the amount of gas that is dissolved initially and the rate of pressure variation.l®”l However, low to

moderate solubility of gasses such as CO> in water can limit the final porosity of the fabricated
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scaffold, which is a major drawback of the gas foaming technique.l!! Similar to salt/porogen
templating, the washing steps required to remove the residues of gas foaming agents following gas
bubbling can be very technically challenging. In addition, unlike the salt/porogen templating
technique, which leads to a defined and reproducible pore size and shape, scaffolds made using gas
foaming often exhibit a highly heterogeneous distribution of pore sizes and shapes.!?! However, when
combining these two techniques, the disadvantages of both techniques can be reduced, yielding gels
with a more uniform macroporous architecture and higher surface area.’” %2 Besides the limitations
mentioned for each approach above, the key drawback common to all these techniques is the lack of
a fully continuous pore structure and pore connectivity, a shortcoming which makes the fabricated

macroporous scaffolds suitable for only limited applications.®]

2.1.4. Freeze-drying

A search of studies published on polymeric cryogels possessing highly interconnected
macropores reveals that there are two different types of cryogels: (i) polymeric cryogels produced
from several freeze-drying cycles of freshly-made conventional nanoporous hydrogels, and (ii)
cryogels produced in a frozen solvent through cryogelation from synthetic and natural polymers or
proteins. Both techniques use ice microcrystallites as porogens in order to fabricate microporous
cryogels.[??]

During freeze-drying, also known as lyophilization, a freshly-made nanoporous hydrogel
undergoes a freezing cycle, resulting in the growth of ice crystals, which can be subsequently
eliminated through vacuum drying. Freeze-drying techniques can be used to generate interconnected

63,64, 65-671 and synthetic 46 %879 polymers. In

porous structures with scaffolds made of both natural [
some studies, freeze-drying is used as an ice templating technique for producing ordered macroporous
materials from freshly-made hydrogels.”!! In this technique, hydrogels are quickly immersed into a

cold bath, where micrometer-sized ice crystals form within the matrices of these premade networks.

These ice spheres then act as templates for the creation of three-dimensionally interconnected
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macroporous scaffolds.[”! The freezing temperature prior to freeze-drying has been shown to play an
important role in determining the size and the shape of the pores within the scaffolds, which can
consequently affect the characteristics of the resulting porous cryogels. For instance, Wu et al.
observed open pore structures after lyophilization of samples frozen at -20°C and -80°C and pores
with parallel sheet structure throughout samples frozen at -196°C (in liquid N») following freeze-
drying.l”?l To guide axonal regeneration by tuning pore properties, Stokols et al. used a modified
version of this freeze-drying technique to generate linear pores within agarose hydrogels which were
subsequently used to study spinal cord injury repair.[”*] The technique used by Stokols ef al. causes
ice crystals to form in an oriented manner in the direction of the uniaxial thermal gradient (i.e.
subjecting only a single end of the agarose pillar to dry ice immersed in liquid). As a result, upon
removal of ice through lyophilization, it is possible to generate highly aligned networks of porous
channels. Despite the development of these novel techniques for cryogel fabrication through freeze-
drying, these scaffolds generally possess low structural stability and other weak mechanical
properties. Depending on the type of cryogelation (i.e. freeze-drying or freeze-thawing), the
mechanical properties of the cryogels can vary from rigid and brittle gels (e.g. cryogels fabricated
through freeze-drying) to soft and elastic sponges with shape memory properties (e.g. freeze-thawed

cryogels).!?!

2.1.5. Cryopolymerization or freeze-thawing

To address some of these challenges, researchers developed a novel freeze-gelation process
called cryopolymerization to fabricate highly elastic and mechanically robust cryogels. This
technique involves a simple strategy for the preparation of macroporous polymeric scaffolds with a
high degree of pore interconnectivity and toughness. This approach highlights cryogels’ capability in
tolerating extreme compression, elongation and torsion forces which has attracted a great deal of
attention for the past 15 years.[” The formation of cryogels via cryopolymerization (i.e. freeze-

thawing) involves the cross-linking of an initial polymer mixture at an optimized subzero temperature
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followed by subsequent defrosting at room temperature. Due to the phase separation that occurs
during the ice crystal formation at subzero temperatures, the solvent in the pre-polymer solution
crystallizes within a highly concentrated monomer solution which subsequently forms around the
resulting ice crystals. Further incubation at subzero temperature results in cross-linking of the highly
concentrated pre-polymer solution around the ice crystals. Upon removal of the ice crystals at room
temperature, a macroporous 3D structure containing interconnected pores is the result.?®! Chemical
cross-linking through free radical polymerization during incubation at subzero temperature is the
most common method for production of cryogels. The highly interconnected macrostructure of
cryogels fabricated through freeze-thawing is a result of the organized fractal nature of ice crystal
formation within the pre-polymer solution at subzero temperature. Therefore, cryogelation retains the
advantages of techniques that use salt/porogen templated fabrication while overcoming the
limitations of that approach such as poor pore interconnectivity and the need for salt/porogen
elimination. Depending on the desired application, cryogels can be fabricated in different shapes and
sizes, including monoliths, rods, sheets, discs, spherical particles, etc. (Figure 3).[43 4451, 65,75, 76] T
was once believed that the subzero temperature processing required for cryogel fabrication would
represent a limitation when cell loading of scaffolds was required, such as applications in tissue
engineering and regenerative medicine. However, when Vrana et al. combined cell cryoprotectants
in conjunction with a cryogelation process, they showed that a cell-loaded macroporous gel scaffold
can be successfully fabricated, which can then be used for the storage and transportation of

mammalian cells.l”7: 78]

2.2 Fabrication of cryogels using different cross-linking strategies

Polymeric cryogels can be synthesized through two main mechanisms: the cross-linking of
hydrophilic and hydrophobic monomers in the presence of a large quantity of water (up to 99 wt.%)
through either chemical or physical means. Chemical cross-linking is cross-linking that takes place

via a chemical reaction linking polymer chains into a cryogel. On the other hand, physical interactions
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such as ionic or hydrophobic bonding between polymer chains that lead to cryogel formation are
referred to as physical cross-linking.[?) Chemical cross-linking of cryogels takes place while the
polymer solution is at subzero temperatures.°> 7 However, physical cross-linking of cryogels occurs
during the thawing step (in the case of using freeze-thawing or cryogelation), or, alternatively, before

freeze-drying occurs (in the case of utilizing freeze-drying for cryogel fabrication).[3% 811

2.2.1. Physical cross-linking

Physical cross-linking can take place through either (i) hydrophobic or electrostatic
interactions among different parts of polymer chains, or (ii) ions present in the solvent. As the
formation of molecular networks through these interactions is purely physical, gel formation through

(82] There are two primary criteria for selecting a suitable

physical cross-linking can be reversible.
polymer for cryogel fabrication through physical cross-linking: (i) the presence of a strong interaction
between the polymer chains causing the formation of semi-permanent junctions throughout the
polymer walls, and (ii) the formation of strong polymer walls which can hold large amount of water
molecules.

As physical cross-linking usually takes place through ion exchange or interaction, it is a fast
process that can happen in a few seconds. Therefore, physical cross-linking usually cannot take place
during cryogelation, as it would happen before the ice crystal formation and growth, which would
result in a nanoporous hydrogel. There are two exceptions through which physically cross-linked
cryogels can be fabricated: (i) physical cross-linking, which is very slow and/or takes place after ice
crystal formation and growth,®3 and (ii) freeze-thawing, by which the cryogel is generated from an
already physically cross-linked hydrogel.[¥]

Although stable and strong macroporous scaffolds can be formed through physical cross-
linking, the final pore size of the cryogel thus generated measures less than 10 pm, which, for tissue

engineering applications, is considered too small. Offeddu et al. investigated the properties of

responsive polyvinyl alcohol cryogels in order to recapitulate charge regeneration properties found
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in cartilage and discovered that this matrix can provide a biomimetic environment for three-

(841 In another study, Ciolacu et al. prepared

dimensional cell cultures aimed at repairing cartilage.
porous cellulose matrices through both physical and chemical cross-linking. 8! The structural
characterization of their scaffolds revealed that physical gelation results in a heterogeneous network
of thick polymer walls as well as a large pore size distribution, while chemical bonding can act as a

spacer between chains, disrupting the self-association of thick polymer walls.[8!]

2.2.2. Chemical cross-linking

Physical cross-linking can be a very simple and rapid process for cryogel fabrication, as it is
performed without the use of cross-linking entities or chemical modifications. However, there exist
reports that physical cross-linking can lead to inconsistent performance during in vivo experiments,
as the control over experimental conditions such as gelation time and chemical modification is
limited—a factor which results in decreased control over pore size and degradation.®>) In contrast,
chemical cross-linking allows for the incorporation, encapsulation, and controlled release of drugs
and bioactive molecules within the cryogel network without significant dissolution and termination
of the scaffold.

The preparation of cryogels through the chemical cross-linking of monomer precursors is one
of the most extensively-used pathways for cryogel fabrication. Among the different methods available
for chemical cross-linking during cryogelation process, free radical polymerization has received the
most attention in the last two decades.?!! Free radical polymerization involves the formation of free
radicals and their reaction with the polymer chains, which results in formation of a continuous
polymer network.[®8] The free radicals required for this polymerization pathway can be generated
through the decomposition of an initiator component by light, heat, or redox reaction. Free radical
polymerization can only take place in cases where the monomer functional groups remain unsaturated
(i.e., double or triple bonds present between two adjacent carbon atoms within the molecular structure

of the polymer). The radical groups generated during free radical polymerization react with the double
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bond of the unsaturated monomers, growing the polymer network. The main characteristic of free
radical polymerization is its reaction rate, which is high due to the extreme reactivity of the radical
groups generated during the reaction. Free radical polymerization is always a three-step process:
initiation, propagation, and termination. The initiation step includes formation of free radicals due to
the presence of an initiator. Different types of natural and synthetic polymers—such as hyaluronic

52901 and PEG—can be functionalized with vinylic groups in order to

acid,®- 881 gelatin,!®) alginate,!
cross-link through a free radical polymerization pathway. Ammonium persulfate (APS) is the most

common initiator system used for free radical polymerization of cryogels.

2.2.3.1 Photo-cross-linking

Photopolymerization is another type of free radical polymerization, in which a photo-initiator
decomposes when subjected to UV light in order to produce free radicals for cross-linking.[®!- 21 This
is the most common cross-linking method for generating nanoporous hydrogels; however, only a few
literature reports are available on photopolymerization-based cryogel fabrication. A complicated
system is needed to utilize light at subzero temperatures to make cryophotopolymerization possible.
Ozmen et al. reported on obtaining highly compressive PDMS cryogels which were polymerized at -
18°C through free radical polymerization using UV or sunlight.[®’] In another study, Kahveci et al.®¥
utilized a special photoreactor for the preparation of poly(acrylamide) cryogels through

photopolymerization at -13°C of monomeric precursors.

2.2.3.2 Cryo-polymerization based approaches

Another chemical cross-linking pathway among the most frequently applied during
cryopolymerization includes a combination of 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS).’>! This cross-linking pathway can only occur in the

presence of gelatin!** %! or other amine-containing reagents.[®3- %71
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There exist other common cross-linking pathways for cryopolymerization of gels, such as
Michael addition, which is a versatile synthetic method that conjugates electrophilic olefins to
nucleophiles, typically in the presence of a base catalyst. Michael addition is used to synthesize
various polymer architectures including linear, branched and network polymers.®®) The Michael
addition type reactions that functionalize biologically active polymers are often meant to generate
bioconjugates for biomedical and pharmaceutical applications.[®”! For example, Wang et al. showed
that hyperbranched amine-terminated polyamidoamine (PAMAM) dendrimer can react with linear
PEG diacrylate (PEGDA) via the aza-Michael addition reaction at -20°C, resulting in fabrication of
a macroporous superelastic dendrimer cryogel.[’””! The cryogels fabricated using this technique have
superelasticity, high resilience, pH-dependent swelling and degradation, and an extremely high
recovery rate after storage at various temperatures, which makes them a promising new class of

materials for drug delivery and tissue engineering applications.

2.3 Different types of cryogels

The simplest types of cryogels are made from only natural and/or synthetic polymers.[1%0- 1011
Natural polymers are those derived from plants or animals, e.g. polysaccharides, proteins, and
polyesters. These polymers closely mimic the physical and chemical characteristics of the
extracellular matrix (ECM).['92] Recently, 3D structured scaffolds fabricated from naturally-derived
polymers have attracted attention for both in vivo and in vitro growth and proliferation of mammalian
cells.1%) Chitosan,#% 194 collagen,®®) gelatin,37- 38. 51, 63, 89, 105, 106] g]oinate,[83: 107. 1081 hyaluronic
acid,[87> 97, 109-112] g4k [67, 113, 114, 115] and starch,!!''®] as well as cellulose,!®!> 7] rubber,[!!8] and their
derivatives are some of the naturally occurring biomaterials that have been extensively utilized for
cryogel fabrication. Although natural polymers have a long history as hydrogel and cryogel polymer
precursors, synthetic polymers are relatively new, having entered into use with applications in the

1960s.1101- 1191 Several synthetic polymers have tunable physical and degradation properties that make

them appealing for a variety of biomedical applications.[!®! For example, polyethylene glycol
14
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(PEG),168, 70, 79, 120, 121] holy(L-lactic) (PLLA),!?*!24 and poly(vinyl alcohol) (PVA),[!21 124-126] gre
some of the most common synthetic polymers that have been widely investigated for the fabrication
of cryogels owing to their ability to degrade in biological environments. The rate of degradation for
these polymers through hydrolytic breakdown of the ester bonds can be modified by changing the
molar mass and molar ratios of the monomers. The main limitation of the synthetic polymers when

used for biomedical applications is their lack of bioactivity and bio-adhesive properties, which can

[127 [68, 123]

be compensated for through covalent linkage of synthetic peptides!'?’! or bioadhesive moieties

during cross-linking as well as combination with natural polymers,[120. 125, 128-130]

2.3.1. Composite cryogels
Composite cryogels are made of a mixture of one or several types of polymers along with

90,106,112, 131 132] The final composite cryogel

other kinds of materials such as nano- or macroparticles.!
possesses unique characteristics which can be suitable for various biomedical applications. In a recent
study, Koshy et al. designed an injectable nanocomposite alginate-based cryogel platform for the
bioactive and sustained release of various encapsulated proteins.”®! By incorporating and modifying
charged laponite nanoparticles within the polymer walls, the researchers were able to tune the kinetics
of protein release in a controlled manner. This protein release strategy could potentially simplify the
design of cryogel drug delivery systems. Another interesting example of composite cryogels is given
by the conductive, magnetic, highly flexible and resilient injectable hybrid cryogels result. For
example, Liu ef al. used cryogelation of methacrylated elastin peptide, methacrylate gelatin, and
multiwall carbon nanotubes to create a novel nanocomposite cryogel.['2°l Their observations shows
that incorporating rigid conductive polypyrrole (Ppy) or iron oxide magnetic nanoparticles (IONP)

can yield multifunctional cryogels with shape memory that are highly elastic, injectable, conductive,

and magnetic.

2.3.2. Hybrid cryogels
15
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Hybrid cryogels contain various types of polymers (natural or synthetic) with different
physical, chemical, and biological properties can result in a versatile cryogel platforms that offer

5.[66, 87,106, 111, 130, 133, 1341 Qi ch platforms can combine the advantageous properties of

unique propertie
each polymer precursor used in the fabrication of hybrid cryogels. Neo et al. combined PVA and silk
in order to simultaneously improve the cell-hosting capability of PVA and the physical properties of
silk cryogels for applications in nucleus pulposus (NP) replacement.!'3% In another study, Han et al.

developed, using free radical polymerization, a cryogel which was found to be capable of supporting

cartilage-specific ECM production through combining ECM-based polymers with PEGDA.[!!!]

2.3.3. Stimuli responsive (Magnetic and/or conductive cryogels)

Investigations into the impact of electricity on living subjects began in 1792, when Luigi
Galvani observed contractions in muscle fibers of a frog caused by an accidental spark discharge.’>]
The role of bioelectricity in cell division, signaling, and differentiation, and in wound healing or
angiogenesis, is now well understood.[!%: 1351391 These advancements have led to the invention of
conductive biomaterials which can be used in regenerative medicine and tissue engineering (Figure
4). For example, integration of conductive elements within macroporous cryogels could be used for
cell function monitoring in real-time. A 3D macroporous scaffold with such capability could lead to
the design and fabrication of hybrid 3D tissue-electronic biomaterials and novel lab-on-a-chip

[121

pharmacological screening systems.!'?!] However, a macroporous biomaterial is required in order to

[137

allow for the 3D interpenetration of conductive elements within the biomaterials.!!3”) Zhang et al.

have combined directional freezing with an ice-segregation-induced self-assembly (ISISA) approach

[135] Their results revealed that

to fabricate a 3D macroporous architecture of PEDOT-PSS cryogels.
novel conductive macroporous cryogels can play a significant role in the development of electronic
components for tissue regeneration purposes. In another study, Wang et al. reported on their

development a mussel-inspired engineered cardiac patch (ECP) built using a DOPA-derived

conductive polypyrrole cryogel.['3¢) Cardiomyocyte-encapsulating patches were then implanted into

16



WILEY-VCH

infarcted myocardia of rats, which resulted in the migration of Ppy nanoparticles into the

[136] Tian et al. integrated

cardiomyocytes from the scaffold, leading to improved cardiac function.
flexible nanowires within macroporous collagen, alginate, and poly(lactic-co-glycolic acid) scaffolds
in order to produce conductive scaffolds capable of providing nanoscale electrical sensory
components in three dimensions.['3”] Deng et al. fabricated an electrically conductive and thermally
responsive hybrid cryogel through incorporating conductive polymers such as polyaniline and
polypyrrole within scaffolds made of poly(N-isopropylacrylamide) (PNIPAm). [13°7 Their
multifunctional cryogel could be used for numerous stimuli-responsive biomedical applications
owing to both its rapid response rate to NIR light and temperature and to its shape memory
behavior.l'31 In another study, Liu ef al. investigated the conductivity and magnetic response of
highly elastic, hybrid cryogels fabricated through cryogelation of a mixture of methacrylated elastin
peptide, methacrylate gelatin, and multiwall carbon nanotubes.!'>’! These iron oxide magnetic
nanoparticles (IONP) incorporating cryogels were not only injectable with shape memory but were

also conductive and magnetically responsive and hence could have potential applications as syringe-

injectable biosensors.

2.3.4. Thermoresponsive cryogels

Thermoresponsive polymers undergo cross-linking as a response to temperature change. The
sensitivity of this class of polymers to changes in temperature is useful, considering that temperature
cross-linking does not require additional chemical treatment. These polymers have attracted a great

deal of attention in biomedical research, as they can undergo gelation upon injection into the body.!**-

1411 Among the different types of thermoresponsive polymers, ionic poly(N-isopropylacrylamide-co-
sodium acrylate) P(NIPA-co-NaA) has drawn attention due to its unique properties: for example,
P(NIPA-co-NaA) is more sensitive to temperature-induced conformational transition than other

similar polymers.[!3% 149 Using P(NIPA-co-NaA) and other conductive polymers (i.e polyaniline or

polypyrrole nanoaggregates), Deng et al. developed a multifunctional, thermally responsive hybrid
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cryogel. [1391 The final hybrid cryogels fabricated in their study exhibited good cytocompatibility,
photothermal properties, and both native and pressure dependent conductivity. The combination of
these properties within a single cryogel makes them desirable candidates as novel actuators, sensors,

as well as electrical components and elements within biomedical devices.[!*]

2.4. Physical properties of cryogels

The physical properties of cryogels, which include mechanical properties, swelling ratio, and
percentage of interconnected pores, determine the physical stability of the cryogels.!'** For example,
cryogels’ mechanical properties can be determined using methods such as combination of atomic

1431 or rheological analyses.['* Superior mechanical

force microscopy and nanoindentation!
strength!!431 and swelling ability[!46! are the some of the most important advantages of cryogels
relative to hydrogels. Cryogels fabricated through the cryogelation (i.e. freeze-thawing) process are
very elastic and have a sponge-like morphology which is the result of their highly interconnected pore

structure.?!1 Due to the high pore interconnectivity and elasticity, these cryogels can adopt their initial

shape after mechanical compression or collapsing; this property is called the shape memory effect.[%?]

2.4.1. Mechanical properties

As cryogels combine interconnected macropores with densely cross-linked polymer walls,
investigating the mechanical properties of these systems requires specific measurements.?!]
Depending on the specific biomedical application, a number of mechanical characterizations can be
performed.!'"*?) Determination of bulk tensile and compressive strength behavior is often required
when cryogels are intended for tissue engineering applications. In addition, these measurements are
essential for assessing the injectability of cryogels.[3% 80:90. 1331 Other parameters, such as compressive
modulus and dynamic shear, can be used to characterize the bulk elastic properties of cryogels.

However, these measurements are not ideal, as the impact of the highly porous cryogel structure on

their mechanical properties is neglected during such characterizations.!?!! Local elasticity and
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toughness of the polymer wall can also play a crucial role, particularly in determining matrix-cell
interactions. Furthermore, local matrix stiffness can affect cellular behavior, including proliferation
and differentiation as well as adhesion and migration.['*”] However, mechanical properties often relate
properties of bulk cryogels that might not fully reflect the local properties of polymer walls sensed
by cells.?! Even though several methods exist for the local measurement of the mechanical properties
of nanoporous hydrogels, these methods often cannot be used for assessing cryogels. Other
characterization methods, including atomic force microscopy (AFM) and nanoindentation, are
methods that can be used to assess local mechanical properties of polymer walls within cryogels. For
example, AFM has been utilized to measure the local mechanical properties of PNIPAm macroporous
hydrogels of with pores <10 um.['*8] Since AFM predominately determines surface topology, it is
still difficult to fully quantify the mechanical properties of the polymer walls. Another technique for
the local mechanical characterization of microporous hydrogels’ polymer walls is

n.[14% 1501 Ag these measurements are done while the macroporous hydrogels are in

nanoindentatio
their fully hydrated states, technical problems such as surface tension forces and difficulties
identifying the point of zero force due to presence of water are limitations on this technique.!'>") An
alternative method reported by Welzel et al. characterized local mechanical properties of
macroporous starPEG-heparin cryogels measured by an AFM-based nanoindentation
methodology.'*}] This study showed that AFM-based nanoindentation can be combined with uniaxial

stress—strain compression in order to provide valuable insights regarding the effect of cryogelation

parameters on local scaffold mechanics.

2.4.2. Swelling ratio

Swelling ratio is described as the fractional increase in the weight of a cryogel upon absorption
of a solvent (e.g. water). When a cryogel undergoes swelling, the pores within the cryogel network
rapidly fill with the solvent used for this purpose. However, it must be considered that a fraction of

the solvent diffuses through the polymer walls as well. Thus, cryogel swelling consists of two distinct
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processes: (i) filling of the pores by the solvent, and (ii) swelling of the polymer walls.['4?] Cryogels
possess a much higher swelling capability than nanoporous hydrogels owing to their macro-scale pore
size (compared to the nano-sized pores of hydrogels) as well as a high degree of pore connectivity
within the cryogels in comparison with hydrogels.[®?] The swelling ratio of the cryogels has been

calculated with the following equations:

D

Qv =75~ (1)
Quw = 7 2)

where D, Dary, m, and mqry are the gel diameters and weights in equilibrium swollen and dry states,
respectively.

The equilibrium weight swelling ratio (Qw) represents the quantity of solvent taken up by
pores and polymer walls. However, if we assume that the pore volume within cryogels stays constant
during swelling, then the cryogel volume swelling ratio (Qy) is determined by polymer wall solvation.
In this case, Qy is the solvent quantity absorbed by the polymer walls within the cryogel. Therefore,
if the difference between Qv and Qy is high, then the pore volume is large in the swollen cryogels.['4?]
Degree of cross-linking of the cryogels has been shown to have the most effect on their swelling

52, 80

ratio.52 8011t is hypothesized that the degree of cross-linking can affect the density of the polymer

walls within the cryogel, which can in turn affect their ability to absorb a given quantity of solvent.

2.4.3. Porosity and pore interconnectivity

Interconnectivity and pore size are both important cryogel parameters which can affect
cryogels’ potential to recapitulate the ECM, facilitate nutrition transport, and promote blood vessel
ingrowth—and therefore their likelihood to be considered as a scaffold for biomedical applications.?%
21,1921 The main method used for measuring the porosity of cryogels requires comparing the weight
of the completely swollen cryogel to its weight in the completely dehydrated state. Dehydration for

this purpose usually happens through the mechanical squeezing of the cryogel without destroying the
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macrostructure of the gel. The rough estimation involved in this method is assuming that the total
volume of the solvent released during mechanical squeezing accurately equals the volume of total
porosity present within the cryogel. However, in the case of nanoporous hydrogels, water retention

from the gel usually causes damage to the gel structure.['+?!

2.5. Parameters controlling physical properties of cryogels

The process of cryogelation includes the following steps: separation of polymer phase from
the water, ice crystal formation and growth, and cross-linking followed by ice crystal thawing, which
leads to the formation of an interconnected macroporous 3D network. There are a number of factors
in this process that determine and influence the physical properties of cryogels, including the
composition of the polymer solution, the temperature of the pre-polymer solution, the cryogelation

temperature, and the freezing rate.

2.5.1. Impact of temperature

Temperature can have a considerable impact on the properties and ultimately the applications
of cryogels. The effect of temperature on both on the cryogelation process and the physical properties
of the final cryogel is detailed. Selection of an optimum cryogelation temperature as well as an
optimum cooling rate are crucial, as these choices can directly influence the ice crystal formation rate
and the polymerization rate, which can affect pore size and distribution as well as polymer wall
thickness and distribution, which can in turn have a significant impact on the physical properties of

142] The role of cryogelation temperature on pore size and distribution has

the fabricated cryogels.!
been investigated for many types of polymers, as the cryogels can have different applications
depending on the pore size. The size of ice crystals, which directly determines the final pore size, can
be tuned by adjusting the cooling and freezing temperature. For instance, in order to produce larger

pores, it is generally recommended that the highest possible freezing temperature and the lowest

possible cooling rate be used. On the other hand, to produce small pores within the cryogel, freezing
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needs to take place at a high cooling rate and at the lowest freezing temperature possible. When these
principles are applied to the polymer solution, they reduce the ice crystal growth time.[4!: 59 65, 83.97.
118, 133, 151, 1321 Baged on classical nucleation theory, at lower cryogelation temperatures, the rate of
crystallization increases, causing the nucleation of a larger number of smaller solvent crystals. Note
that there is an optimum freezing temperature (i.e. cryogelation temperature) at which pore size is
maximized; this optimum temperature depends on viscosity.”® 191 To demonstrate this effect,
Yetriskin et al. prepared anisotropic silk fibroin cryogels through a combined directional freezing
cryogelation method; these cryogels exhibited anisotropic mechanical properties and microstructure,
leading to an exceptionally high Young’s modulus.['!3! Since numerous tissues display anisotropic
hierarchical morphologies, the high-strength anisotropic fibroin cryogels fabricated in Yetriskin et al.
can be used for a wide variety of bioengineering applications, including bioseparation, tissue
engineering, and creating organo-electronic devices. To optimize cryogel properties, Zhang et al.
investigated the effect of different cryogelation temperature steps, starting temperature, and
cryogelation period at each subzero temperature on the shape, size, and distribution of the final pores
within alginate cryogels (Figure 5).183] Their team observed that the cryogelation temperature
predominately affects pore shape, whereas the pre-polymer temperature and cryogelation period at
each subzero temperature mostly affects pore size. Similarly, they showed that pore size and shape
can be easily controlled through a stage cooling approach and that cryogels with gradient morphology
could be generated.

The temperature at which cryogels will be used post-fabrication can also influence cryogel
performance independent of initial fabrication conditions. Wang et al. reported the effect of
temperature on the mechanical properties of hyperbranched amine-terminated polyamidoamine
(PAMAM) dendrimer cryogels.’” Their results show that dendrimer-based cryogels have
exceptional rebound performance and do not exhibit substantial stress relaxation during cyclic

deformation under broad temperature ranges (-80 to 100 °C).
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2.5.2. Impact of solute concentration

The final pore size of a cryogel can be also influenced by the type of polymer used its
molecular weight and concentration during gel fabrication. With a fixed polymer concentration, a
lower molecular weight of polymers will lead to the development of larger pores within the final
cryogel.['3] These observations can be explained by the Mark—Kuhn-Houwink equation, which
indicates that as the molecular weight of the polymer increases, the free water content in the polymer
solution decreases, which results in smaller pores and thicker polymer walls within the fabricated
cryogel.[2!1 In addition, an increase in the concentration of the polymer solution at constant molecular
weight results in an increase in the availability of cross-linkable groups and a decrease in the

availability of free water, which will lead to a decrease in the pore size of the final cryogel.l!!% 134

2.5.3. Impact of cooling rate

To generate a highly interconnected macroporous architecture within the cryogels, it is
essential that the formation of ice crystals take place before the polymerization of the highly
concentrated polymer between the ice crystals starts. However, this condition can be difficult to
achieve for two reasons: firstly, the presence of monomers within water in the polymer solution can
lower the freezing temperature of the water (i.e. the freeze point depression effect), and secondly,
phase separation within the polymer, which is essential for ice crystal formation during cryogelation,
can take longer as the concentration of monomers increases. If the cross-linking happens faster than
the ice crystal formation, polymerization will take place without porogens (i.e. ice crystals) and a
nanoporous hydrogel will be achieved instead of a highly interconnected cryogel. On the contrary,
bigger pores could be achieved by slowing the rate of cross-linking to facilitate ice crystal formation
and growth. It should be noted that the temperature of the initial polymer solution determines the
cooling rate to which the polymer solution is subjected, which can directly affect the pore size and
distribution of the fabricated cryogels.[*!l As the temperature of the initial polymer solution increases,

the temperature difference between the polymer solution and the cryogelation temperature increases;
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[142] this difference can lead to more ice nucleation and more ice

based on thermodynamic principles,
crystal formation, and therefore to smaller pore size and more uniform pores. In other words, the
lower the cooling rate, the larger the size of the growing ice crystals, leading to cryogels with larger
pore size. Serex et al. studied the effects of pre-polymer temperature on the local pore size changes
of 3D-printed cryogels used for tissue regeneration purposes.[*!! Their experiments revealed that the
pore size of the 3D printed cryogels decreases with a decreasing cryogelation temperature (from -
20°C to -80°C). Moreover, they showed that the temperature of the polymer solution before starting
the freezing process can exert a major effect on the final pore size within these cryogels; a higher pre-
polymer solution temperature results in the development of smaller ice crystals throughout the
polymer structure, which leads to smaller pores within the final cryogel. The authors’ interpretation
of this result was that when the temperature of the pre-polymer solution increases, the cross-linking
reaction rate increases, resulting in the production of a more viscous pre-polymer. This pre-cross-
linking prevents the formation of large ice crystals, as ice crystals cannot grow within the polymer
solution beyond a certain viscosity threshold; therefore, the final cryogel has an overall smaller pore

size.

2.5.4. Injectability (shape memory properties)

Bolus injection is the conventional method of cell transplantation for tissue repair and
regeneration. However, incorrectly localized or disorganized grafting as well as poor cell survival can
occur as a result of shear forces applied during the course of the injection, leading to poor cell
engraftment.[!>] Therefore, minimally invasive surgical approaches for polymeric biomaterial
delivery could present an effective alternative aimed at lowering the risk and complications
accompanying surgical implantation and overcoming the current limitations of bolus injection
(Figure 6).120: 52 68. 80,96, 97, 114, 155, 156] Conventional injectable hydrogels have attracted the attention
of biomaterial scientists for tissue engineering applications, owing to their ability to form any desired

Pl However, these injectable hydrogels can cause a number of
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complications, such as the requirement that proper gelation conditions be maintained and the need
for mechanical strength, biocompatibility, and the ability to retain encapsulated protein, drugs, or
cells in adverse environments.®? In order to address these concerns, hydrogels with shear-thinning

behaviors have been recently developed;!!>7)

however, these hydrogels still lack defined
macrostructures and the researchers cannot to precisely control gel location.!*?! On the other hand,
injectable cryogels possess several advantages over conventional injectable hydrogels. These pre-
formed injectable cryogels have the ability to form well-defined macro- and micro-structures post-
injection as well as maintaining a defined gel volume at the site of injection, bypassing the need for
gelation following injection. Furthermore, as the injectable cryogels are cross-linked prior to
injection, they can be subjected to several washing steps, a factor which makes it possible to remove
any potentially toxic precursors and cross-linking materials before injection.®?! In order for the
cryogels to be injectable, they must be compressible under moderate forces, retain sufficient strength
during injection, rapidly regain their initial size and shape after being collapsed during injection, and
maintain encapsulated cells or biomolecules during the injection.[®?l A highly interconnected
macroporous structure, a high degree of cross-linking, and an optimum pore-to-polymer wall ratio

can make it possible for the cryogels to be injectable through a conventional needle-syringe

system.[142]

2.6. Characterization of cryogels

Characterization of cryogel tissue scaffolds is essential, as physical properties can affect their
performance in supporting the in vitro or in vivo formation of native tissue.['*8] Furthermore,
comprehensive characterization of the physical properties of cryogels is crucial in order to understand
and predict cells’ responses to these materials. Physical characterization includes pore size and
distribution, pore connectivity, bulk and local gel mechanics, solvent absorption efficiency, etc. Here,
we review the most common techniques utilized for the physical characterization of macroporous

cryogels.
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2.6.1. Structural characterization

Lack of standard methods for the structural characterization of soft cryogel materials makes
it challenging to fully characterize the structure of these systems. Although optical microscopy,
confocal laser scanning microscopy (CLSM), and environmental scanning electron microscopy
(ESEM) are useful for the structural and morphological characterization of cryogels in their complete
hydrated states, these methods are not powerful enough to reveal all aspects of cryogel structure and
function. For the biomedical application of cryogels, it may be necessary to determine pore volume,
specific surface area, pore size distribution, polymer wall thickness and distribution, pore
connectivity, and tortuosity. However, quantitative characterization of the aforementioned structural
details can be difficult due to the soft nature and strong hydration of the polymeric cryogels in their
native state. Therefore, the structural and textural characterizations performed for cryogels in most
published studies took place only at the qualitative or semi-quantitative level. The typical
characterization measurements that are done in most studies are limited to microscopic images of
freeze-dried cryogels without calculation of pore volume, specific surface area, or polymer wall
thickness. These analyses have been performed with the assumption that freeze-drying does not result
in an alteration of the pore structures, as the ice crystals required for this process only form within
the pores of the cryogels and have minimum damage to the dense polymer walls of the cryogels.
However, in some studies, more textural characteristics were analyzed in detail through mercury
porosimetry[3% 158 1591601 and image analysis software.l3> 41- 1581 In these reports, CLSM, SEM, and
other microscopic techniques were performed, followed with further quantitative analysis of
images.!'®! Recently, various new methods have been used for quantitative structural characterization
of cryogels. For example, since a poor solvent for polymer can only be taken up by the pores and not
by the polymer walls, the total volume of the pores of a cryogel system can be estimated through
measuring the volume of a poor solvent such as methanol or acetone uptaken by the cryogel.['4?1 Vp

(the volume of pores in 1 g of dry polymer network in mL) can be calculated as:
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Mmys—Mg
Vp — Mns Ty 3)
Marydy

where mps and mary represent the weight of the swollen cryogel in the poor solvent and its weight in
the completely dry state, respectively, and d; is the solvent density. Similarly, Wang ef al. used a
hexane uptake-based method to calculate the porosity of dendrimer cryogels by the ratio of mass to

volume of the cylindrical cryogels with defined dimensions.[”]

2.6.2. Thermal characterization

Thermogravimetry (TG) methods are used to estimate the water content and the temperature
profile of substrate water desorption. Thermogravimetric methods are used in thermoporometric
calculations of pore size distribution of cryogels based on the fact that water desorption from smaller
pores occurs at higher temperatures than that of the big pores.[!>® 1621 In addition, TG results of
scaffolds prepared with different fabrication methods revealed that the thermal stability of scaffolds
made of one specific material changes with fabrication method.['%3) Furthermore, the TG results can
be used to compare the pore size of scaffolds fabricated from a specific material through different
methods.1'%) TG measurements have also been used in order to investigate the impact of organic or
inorganic additives on the cross-linking of cryogels.[!%: 1321641 One of the most common TG methods
used for the characterization of polymeric cryogels is differential scanning calorimetry (DSC). DSC
analyses on cryogels from their freezing state to the water desorption state are used to estimate the

pore size distribution of polymeric cryogels.[!6]

2.6.3. Chemical characterization
Proton nuclear magnetic resonance ('H NMR) spectroscopy is a method used by researchers
as an analytical tool to determine the chemical structure of organic materials as well as to study and

[158

control the chemical reactions occurring during cryogel preparation.['>8] In addition, researcher use

this tool to study the chemical modification of macroporous networks of cryogels to investigate the
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progress of the polymerization reaction or confirm the completion of the cryogelation process.52 133
166] TH NMR spectroscopy has been also utilized to investigate the structural and thermodynamic
properties of polymeric material systems such as hydrogels and cryogels.['®”l However, NMR

spectroscopy has rarely been used as a quantitative structural characterization method for cryogels.

3. Cryogels as versatile tools for bioseparation

There is a continuous demand for effective, robust, and cost-efficient technologies for the
separation of biomolecules in several fields of study, including biotechnology, medicine, molecular
biology, and biochemistry. The superior mechanical strength of cryogels compared to hydrogels has
also been noted in bioseparation experiments; cryogels can exhibit significantly more stability than

1681 Due to their large, interconnected

corresponding hydrogels in response to saturation by an analyte.!
pores, cryogels have superior mass transport properties but consequently have lower binding
capacities compared to conventional mediums. Several technologies and approaches including
functionalization of cryogels have been developed to address this issue and improve separation
outcomes. The advancements made thus far have led to the commercialization of cryogel monoliths
(e.g. by Protista Biotechnology AB, Lund, Sweden). Through affinity chromatography (e.g.
immobilized metal affinity chromatography (IMAC)) or molecular imprinting, cryogels can be

utilized for the separation of cells (mammalian, bacterial and yeast), proteins, viruses and plasmids.

Other promising applications include protein depletion for proteomics and biosensors.

3.1. Benefits of cryogels as a chromatographic medium
A prominent technique in bioseparation, chromatography, conventionally uses a stationary
phase consisting of porous particles (i.e. beads) in a packed bed. Due to the mechanism by which

molecules diffuse into the bead pores, this medium has significant diffusion resistance, limiting the
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separation speed.['®1 Another limitation is the packed bed interparticle void volume, which lowers
separation efficiency due to band broadening.['®]

Addressing these limitations, cryogel monoliths exist as a single, large particle, achieving
purely convective transport with no interparticulate voids.!'’”) Monoliths are typically comprised of
synthetic polymers (e.g. polyacrylamide, polymethacrylate, polystyrene), natural polymers (e.g.
agarose, cellulose) or inorganic materials (e.g. silica).l'%°) Cryogels represent the newest generation
of monoliths, achieving 100-1000-fold larger pore sizes compared to those in other gels.!'7!]

Due to pore sizes in the 10-100 pm range, cryogel monoliths are capable of processing non-
clarified, viscous feedstreams, including blood, plasma, fermentation broth, and plant and animal
extracts.l!7>!"4 Traditional chromatography mediums cannot process these feedstreams without high

2L 175] cryogels can be tailored to

backpressures or clogging. Because pore size can be controlled,!
separate a vast range of biomolecules, including nanoparticles (e.g. plasmids, cell organelles, viruses,
protein inclusion bodies, macro-molecular assemblies) and microparticles (e.g. proteins, bacterial
cells, yeast cells, mammalian cells).['7% 174]

Another important property of cryogels relevant to chromatographic applications is their high
elasticity and compressibility, which allows for lab operation at high velocities with low
backpressure, decreasing processing time. Under high compression, the cryogel pores remain open,
preventing backpressure formation (Figure 7A). Plieva et al. demonstrated the high compressibility
of commercial polyacrylamide (pAAm) cryogel monoliths (Protista Biotechnology AB) by applying
uniaxial force and measuring compression. [!7°] Their cryogel monoliths showed very little
deformation at up to 60% compression (Figure 7B). In comparison, traditional pAAm hydrogels are

[175

destroyed when deformed less than 30%.['7°! In the same study, it was demonstrated that the

monoliths did not show an increase in backpressure up to 50-60% compression, a finding which was
in agreement with the force-compression curve (Figure 7C).[10]

Furthermore, cryogels are chemically stable due to the hydrophilic nature of their polymers,

leading to minimal non-specific interactions.!’”?! Additionally, cryogels have high mechanical
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strength due to the high polymer concentration at the pore walls. During cryogelation, freezing of
porogen displaces polymer from the pore to the pore wall, increasing concentration and thus
strength.['7®) Due to these properties, cryogels can withstand numerous cleaning and regeneration
cycles.l'”?] Several studies have demonstrated no loss in adsorption capacity after performing 10

[177-179, 180, 181

adsorption-desorption cycles in a series. 1In addition, because cryogels can be dried and

re-swollen quickly without their structure being affected, they can be stored for long periods of time
in their dried state.[!6]

Because cryogels are so chemically stable, the medium is chemically inert and thus must be
functionalized for a specific chromatographic type.['82! Generally, there are two approaches to
functionalization: physical entrapment (embedding) or covalent coupling (immobilization) of the
ligand.['7?! In physical entrapment, a functional group is copolymerized with the cryogel monomer.
Covalent coupling involves chemically attaching a ligand to a pre-formed cryogel. Several limitations
are associated with embedding. For instance, there are a limited number of functional monomers that
are suitable for cryogelation.!'®3] In addition, high concentrations of functional monomer can lead to
brittle, non-elastic cryogel formation.l!'7l Lastly, not all the functional groups are accessible by the
mobile phase when embedded. In one study, acrylamide, N,N’-methylenebis(acrylamide) (MBAAm)
and DMAEMA were copolymerized to form anion-exchange pAAm monoliths. Although a low

enough concentration of DMAEMA was used to conserve cryogel elasticity, low bovine serum

albumin (BSA) binding capacity was achieved (0.1-0.2 mg/mL).!1%4]

3.2. Improving cryogel binding capacity

Although cryogels are a promising chromatographic medium, they can suffer from low
binding capacity. For chromatographic mediums, the higher the porosity, the greater the surface area
of pore walls. Because cryogels have porosities up to 0.9 (by comparison: packed bed porosity is
typically 0.45), there is limited surface area for the introduction of functional ligands and

consequently the absorption of target molecules.!!”!> 182 1851 An example of this consideration is the
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comparison of a commercial resin (SP Sepharose Big Beads) to commercial pAAm monoliths for the
extraction of proteins from raw milk, a non-clarified feedstream. Although the pAAm monoliths
achieved low backpressures at moderate flow velocities (300-525 cm/h) of raw milk, the protein
binding capacity of pAAm monoliths compared to the commercial resin was found to be 25-fold
less.[18¢]

An ideal solution would increase functional surface area without changing the hydrodynamic
properties of the cryogel. To this end, several approaches, including immobilization of metal affinity
ions (IMAC),#%- 177 178, 187, 188, 189] gyrface grafting of ligands,!'*% 111 formation of a cryogel within a
cryogel,['”?l and embedding or immobilizing functionalized particles (leading to the formation of a
composite cryogel),l!7”- 189 193] gre possible alternatives.

In surface grafting, an initiator forms active sites on the cryogel backbone, followed by
formation of polymer chains on the monolith surface. Savina et al. functionalized pAAm monoliths
with pPDMAEMA (anion-exchanger) using 1-step (co-incubation of the initiator and monomer) and
2-step (initiator, then monomer incubation) grafting procedures. [!°! The binding capacity of a low
molecular-weight target (e.g. metal ion, dye) did not impact the grafting procedure type. However,
the 2-step procedure in conjunction with a high pPDMAEMA density achieved the highest BSA
capacity (12 mg/mL), attributed to the long, flexible pPDMAEMA grafts capable of multipoint
interactions with BSA. 1]

Composite cryogels are formed by embedding or immobilizing nano- or microparticles into

[173

the monolith cryogel matrices.!'”>) For example, Acet et al. copolymerized Ni(Il)-attached O-

carboxymethyl-chitosan Schiff base complexes with 2-hydroxyethyl methacrylate (HEMA)

monomer. [18

1 The chitosan-based particle contains several functional groups (e.g. amino, hydroxyl,
Ni(II)) for protein adsorption, but has poor solubility without cryogel embedding. Lysozyme, which
serves as an anti-microbial agent and therapeutic, was purified from chicken egg whites using the

composite PHEMA, achieving a binding capacity of 244.6 mg/g. The resulting binding capacity was

16-fold higher compared to the binding capacity achieved by the non-composite Ni(IT)-PHEMA.[!3]
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To compare the properties between embedded and immobilized composite cryogels,
Hajizadeh et al. used both methods with amino- or epoxy-activated particles to synthesize composite
pAAmM-AGE monoliths. [1°* The immobilized composites were synthesized by circulating particles
through pre-made cryogels in a glass column to ensure uniform particle distribution. SEM images
confirmed that circulation time (1 to 24 hours) impacted the amount of available immobilized particle.
Compared to the immobilized monoliths, the embedded monoliths had fewer particles available for
adsorption (Figure 8A-B), a more aligned structure (Figure 8C-D), and lower elasticity. Lastly,
researchers demonstrated that the immobilized composite had a higher binding capacity than that of
Cu(Il), Orange G, and His-tagged exoglucanase. The difference in structure and function of the

embedded cryogel was attributed to the particle’s impact on ice crystal formation. [1%4]

3.3. Protein separation applications

Several methods have been developed for protein and biomolecular separation using cryogels.
Functionalization of cryogels can significantly improve separation outcome. Various approaches
based on cryogel functionalization that include affinity chromatography as well as molecular
imprinting can be used for efficient purification of proteins using their ligands. In this section, we

describe the most commonly used approaches for the separation of various biomolecules.

3.3.1. Affinity chromatography

Affinity chromatography selectively isolates biomolecules of interest (proteins, nucleic acids,
etc.) by immobilizing a ligand to an insoluble, porous support (e.g. a cryogel) which adsorbs the target
molecule.'”! Cryogels have been used as a chromatographic medium for affinity chromatography of
proteins in numerous applications. Peptide ligands are commonly used for affinity chromatography,
but they are complicated and costly to produce. An alternative to peptide ligands are bacteriophages,
which are produced to selectively bind a target protein using a method called biopanning. However,

phages cannot be immobilized to conventional mediums due to their large size (1 um). To address
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this issue, Noppe ef al. covalently coupled phages with affinity to human lactoferrin (HuLF) and von
Willebrand factor (vVWF) to epoxy-activated PHEMA cryogels. [1°%) These mediums successfully
captured and eluted HuLF and vWF from raw milk and whole blood, respectively. Noppe et al. not
only demonstrated the ability of PHEMA cryogels to process particulate-containing feeds: they also
illustrate the potential of phage affinity chromatography as a cost-effective, straightforward
approach.[!%¢

Highly purified immunoglobulin (IgG) is required for applications in immunodiagnostics,
therapeutics, and immunochromatography. From human plasma, IgG is commercially purified using

[197] As an alternative

ethanol precipitation, which has low selectivity and can cause denaturation.
method, Alkan et al. covalently-attached protein A to a PHEMA cryogel using cyanogen bromide
activation (CNBr) and achieved an adsorption capacity of 88.1 mg/g with 85% purity from human
blood (Figure 9).18] The adsorption capacity was higher than that of conventional mediums coupled

to protein A and that of PHEMA cryogel coupled to other ligands.[!%®]

3.3.2 Molecular imprinting

Molecular imprinting is a technique used to impart molecular recognition properties to a
synthetic polymer matrix. 1’1 In the pre-polymer mixture, which includes monomers and template
molecule, the spatial arrangement of the molecule is determined by its interactions with the monomer.
This arrangement is then fixed during polymerization of monomer and cross-linker. When the
template molecule is removed, the result is a chemically and sterically complementary imprint in the
polymer network, which can rebind the template with high specificity. [2°! Applications of
molecularly imprinted polymers (MIPs) include chemical and biological separations, immunoassays,
artificial enzymes, and biosensors. [2°9 MIPs have been successfully employed for the separation of
compounds of low molecular weight. [201]

Regarding biological separations, MIPs hold several advantages over affinity chromatography

methods, including longer usable life, decreased cost, greater efficiency of production, and the
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absence of ligand leaching. ?°2) However, molecularly imprinting biomolecules remains a challenge:
biomolecules are large, complex structures with sensitivity to pH, temperature, and salt concentration.
Consequently, they have a tendency to undergo denaturation and conformational changes during
polymerization when exposed to organic solvents or high temperatures. 292 Another challenge is
developing optimal conditions for the removal and binding of the template molecule, because the
outcome of its interaction with the polymer depends on a multitude of factors, including
intermolecular interactions (e.g. electrostatic and van der Waals forces, H-bonding) and the physical
and chemical nature of the molecule (e.g. flexibility, accessibility of the binding site, shape of the
material). [20%]

Cryogels address some of these limitations, since they are polymerized in aqueous solutions
and at low temperatures, conserving template molecules during polymerization. Cryogels and
composite cryogels have been used in conjunction with MIP technology for several applications in
the separation or capture of proteins. Examples will be discussed using various cryogel platforms.

Recombinant human interferon-a (hIFN-a) is used for the treatment of AIDS-related Kaposi’s
sarcoma and chronic hepatitis B and C. Introducing a new purification method, Ertiirk et al.
copolymerized hIFN-a with HEMA monomer to synthesize hIFN-a-MIPs. [!°° The concentration of
hIFN-a introduced during copolymerization was directly proportional to the specific hIFN-a surface
area (BET analysis) and consequently proportional to the amount of hIFN-a adsorbed from the
aqueous solution. However, the removal of template hIFN-a was consistently 85% when a 1M sodium
chloride wash was performed. After optimizing adsorption conditions (e.g. pH, ionic strength, flow

rate), hIFN-a-MIPs purified hIFN-a from human gingival fibroblast culture to achieve specific

activity rates of 3.45-3.75x10% TU/mg. [1%°]

3.3.2.1 Composite molecularly imprinted polymers (MIPs)
To synthesize a composite MIP, a technique called surface imprinting is used, in which micro-

or nanoparticles are molecularly imprinted and then embedded or immobilized to cryogel matrices.
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This technique improves binding capacity, mass transfer, and ease of template removal. 291 For
example, Asliyuce ef al. developed an anti-hepatitis B surface antibody (HBsAb)-imprinted PHEMA
composite cryogel.2*4l HBsAbs, which are purified from human donors, animal plasma, and
transgenic plants, can be used as a vaccine for hepatitis B, a global health concern causing diseases
such as liver cirrhosis and hepatoceulluar carcinoma.!®! Asliyuce et al. dried, ground and sieved
HBsAb-imprinted PHEMA monolith into 2063 pm particles. These particles were mixed with
HEMA monomer and poured between two glass plates and then copolymerized to form composite
cryogel membranes (CMs) (Figure 10). HBsAb positive plasma samples were loaded onto CMs to
evaluate chromatographic performance. The theoretical plate number (N), capacity factor (CF),
resolution (Rs) and separation performance (o) were 1153.9, 5.48, 1.72 and 6.02 (respectively),
indicating CMs as a promising alternative for HBsAb capture.[2%4]

Blood transfusions have several limitations, including lack of healthy blood donors, short shelf
life, and risk of transmitting pathogens. One alternative is the use of blood substitutes, an example
being hemoglobin-based oxygen carriers (HBOCs). MIPs have the potential to purify HBOCs from
human and bovine feedstreams. An example of this, Hajizadeh et al. prepared silica particles
imprinted with hemoglobin (Hb) using Pickering emulsion polymerization.2%]

These particles were then used to prepare two types of composite cryogels: (1) pAAm with
particles covalently-immobilized to a pre-formed gel, and (2) pAAm with particles embedded during
cryogelation. The adsorption capacities of Hb were 5.2 mg/g and 3.6 mg/g, respectively. The lower
capacity of the embedded composite was attributed to the large size and heavy weight of the silica

particles.[2%°]

3.4. Cell separation applications

Separation of a distinct type of cells from a heterogeneous population is applicable to

g.[206

biological and biomedical research, clinical therapy, and diagnostic I An optimal separation

results in high purity and yield without loss of cell function. To achieve this end, an affinity-based
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approach can be used, targeting cell-surface molecules. Two prominent affinity-based techniques are
fluorescent-activated cell sorting (FACS) and magnetic bead separation—yet these approaches can
be time-consuming and expensive.?°71 A viable alternative, affinity chromatography, represents a
cost-effective, efficient, and scalable method for cell separation. There is a need for suitable affinity
matrices to provide large pore sizes, high flow velocities, and low shear on cells.[?*”! The inherent
properties of cryogels meet these requirements, and thus their efficacy was demonstrated in several
applications of cell separation.

Kumar et al. evaluated cell separation performance between commercial polystyrene-core
beads (TentaGel), PVA cryogel beads and N, N’-dimethylacrylamide (DMAAm) monolithic
cryogels, all covalently coupled to protein A (protein A binds the F. region of IgG-coated cells).[2%8]
The potential for DMAAm monolithic cryogels to fractionate B and T lymphocytes had been
demonstrated previously.[?%! In the first experiment of this study, all mediums were evaluated in the
B and T lymphocyte fractionation from human peripheral blood; B cells express IgG on their surface
and are thus captured while T lymphocytes are concentrated in the flow-through. The TentaGel beads,
PVA cryogel beads and DMAAm monolithic cryogels achieved 60%, 74%, and 91% cell binding,
respectively. In the second experiment of this study, cryogel beads and monoliths were tested for the
capture of CD34" human acute myeloid leukemia cells (incubated with anti-CD34" antibodies),
achieving 76% and 95% cell binding, respectively. Both experiments demonstrate the potential of
cryogel beads and monoliths in multiple cell separation applications.!2%%]

Building upon this research, Kumar ef al. developed an all-encompassing approach to separate

cells using a polyacrylamide-based cryogel monolith. [210]

Kumar et al. performed two
demonstrations: hematopoietic stem cell (CD34") capture and B and T lymphocyte fractionation. In
CD34" capture, protein A was covalently coupled to epoxy-activated monoliths using a two-step
derivatization procedure. Umbilical cord blood (UCB) was sedimented and incubated with anti-CD34

antibodies to label the target cells (Figure 11A). Sedimented-UCB was loaded onto the monolith and

a mechanical deformation was performed followed by a buffer wash to elute bound material (Figure
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11B), which achieved a 90% yield of CD34" cells. Interestingly, further cryogel compression during
elution (>70%) increased yield but consequently decreased viability. Fluorescent microscopy
determined that eluted cells maintained viability and retained CD34" cell-surface marker

expression. 21

3.5. Protein depletion

Protein depletion of serum, a necessary step for the field of proteomics, has employed both
affinity and molecularly imprinted cryogels as efficient, cost-effective methods. Proteomics is the
large-scale study of protein properties, including expression levels and post-translational
modifications and interactions, in order to provide an integrated view of processes occurring at the
protein level.2!!] The characterization of human serum proteins holds the potential to yield markers
for several diseases and conditions (e.g. infection, inflammation, cancer, diabetes, malnutrition,
cardiovascular diseases, Alzheimer’s and autoimmune diseases).!?l However, the proteins in human
serum have an extraordinarily dynamic concentration range (i.e. up to 10 orders of magnitude),
making detection of less abundant proteins challenging.[?!3] Thus, there is a demand for cost-efficient
separation techniques to remove highly abundant proteins, making the discovery of less represented
proteins more possible. Due to their favorable cost and their hydrodynamic and mass transport
properties, both affinity and molecularly imprinted cryogels have been employed for human serum
protein depletion, including hemoglobin, albumin and IgG.[180: 181,214, 213]

For the depletion of human serum albumin (HSA) from human serum, Andac et al. developed
albumin-imprinted PGMA beads and copolymerized them with HEMA monomer poly(GMA-co-
HEMA).!!8 Using BET analysis, the PGMA-co-PHEMA surface area was determined to be 232.0
m?/g (on average), which was 10-fold larger than that of non-composite PHEMA. The increased
surface area led to an absorption capacity of 98.2 mg/g of HSA from aqueous solution and 85% HSA
depletion from human serum,!'8% which were higher than that of APBA imprinted beads (58%)2!¢

but slightly lower than that of imprinted multiwalled carbon nanotubes (92-97%).12!7!
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A novel approach was taken by Yang ef al. to per se imprint cryogels by mixing human serum
and monomer during polymerization. 24 This approach allowed for the molecular imprinting of
proteins above a threshold concentration, whereas less abundant proteins would remain unimprinted.
SDS-PAGE, peptide fingerprint analysis, and MALDI-TOF revealed that several other proteins were
depleted (hemopexin, clusterin, alpha-1-acid glycoprotein 1, and apolipoprotein C-I) in addition to

albumin and immunoglobulins.!?!4]

3.6. Biosensor

A biosensor is an analytical device that uses a biological component in combination with a
physicochemical detector. Compared to other detection methods, biosensors typically have fast
responses, high sensitivities, low limits of detection (LOD), low costs of construction, and small
sizes.?!81 When coupled with a detector, molecularly imprinted cryogels represent cost-effective
biosensors.

HSA, a protein normally found in human blood, leaks into the urine when the kidneys are
damaged, indicating diseases such as chronic kidney disease 2. To detect HSA in urine, Fatoni et
al. synthesized a biosensor wherein HSA binding to a molecularly imprinted pAAm cryogel oxidizes
ferrocene, transmitting a signal to a gold electrode to be detected by differential pulse voltammetry
(DPV).218] A composite MIP was formed by adding chitosan, AAm, MBAAm, graphene, ferrocene
and HSA to a gold electrode and incubating at -20°C. The HSA template was removed by soaking in
acetic acid, followed by SDS (Figure 12). The SEM images indicated MIP pore sizes of 5-20 pm
and MIPs with a rough surface from the embedded molecules. To optimize biosensor performance,
several composite MIPs were formed with varying graphene concentrations (graphene increased
electron transfer). The composite MIP with a graphene concentration of 0.75 mg/mL had the highest
sensitivity (oxidation peak per amount of analyte added).

Using the optimized biosensor, the linear range of HSA concentration and oxidation peak

were between 1.0 x 10* mg/L and 1 mg/L, with a LOD of 5.0° mg/L. These values are wider and
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lower (respectively) than conventional HSA detection methods. When the researchers were testing
the selectivity of the sensor, a concentration of 10 mg/L. of BSA, which is closely related to HSA,
gave a signal that was below the LOD. Lastly, urine samples were diluted by a factor of 10* and
applied to the biosensor. The biosensor was used to measure HSA concentration of six urine samples,
demonstrating results comparable to the standard hospital method for HSA detection (i.e.

immunoturbidometric assay).[?!®]

3.7. Molecular biology and microbiology applications

In many biological systems, the interaction of biomolecules with liquid—solid interfaces,
including cell adsorption to column surfaces, occurs via affinity binding that is polyvalent in nature.
Such polyvalent interactions comprise concurrent binding of various receptors on the surface of
biological particles such as DNA, cells, and viruses to multiple ligands on the column surface.
Polyvalent interactions, when combined, can produce stronger and more specific binding as compared
to monovalent interactions. Conventional separation and detachment techniques or solvent elution
may cause cell damage resulting from shear forces. On the other hand, mechanically compressing a
cryogel column can lead to the disruption of multiple bonds holding bound particles to the affinity
cryogel surface, thus releasing detached particles in the liquid eluate, as displayed in Figure 13, while

retaining high viability/activity.!8]

3.8. Separation of plasmid DNA (pDNA)
Plasmid DNA is widely required for DNA vaccination, cloning, gene therapy purposes,

[23. 2201 The commercial

enzymatic modification, and industrial-scale protein production.
manufacturing of pDNA involves fermentation, cell destruction, clarification, purification,
refinement, final formulation, and filling. Liquid chromatography had been the method of choice for

downstream operation, giving optimal resolution, which is essential for pDNA production for

therapeutic applications.!??!] Around 1990, another class of chromatographic supports known as
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monoliths were introduced for DNA purification.[???! A plasmid generally consists of 3-20 kilobase
pairs of DNA, rounding up to a relative molecular mass of 13x10° Da, with the hydrodynamic radius
larger than 100 nm. Apart from proteins and RNA, other isoforms of pPDNA—namely, open circular,
linear and denatured isoform—must be eliminated for the preparation of therapeutic DNA vaccines,
and only the compact supercoiled isoform must be captured.(??*! The macropores of cryogels allow
for the passage of large pPDNA molecules through internal spaces at a high flow rate with low pressure
drops. Good accessibility to surface ligands and practically unhindered internal mass transfer are the
attributes of cryogels which make them suitable for pPDNA adsorption.[224!

DNA molecules bear high negative charge, so obviously the typical choice for pDNA
purification becomes anion exchange chromatography, wherein phosphates on DNA and positively
charged ligands, e.g. amines, interact on the column electrostatically.[??°! Hanora et al. demonstrated
that cation-grafted affinity cryogel columns can capture plasmid DNA from the alkaline lysate of E.

(2261 Also, Cimen et al. demonstrated high pDNA selectivity of poly (hydroxyethyl

coli cells.
methacrylate)-Cibacron Blue F3GA cryogel discs with 90% recovery.[?**l In addition, amino acids
such as arginine and histidine have shown high specificity and selectivity in recognizing the super
coiled pDNA. Arginine-based cryogel affinity chromatography was reported by Almeida ez al.**"]
Percin et al. also demonstrated the use of poly(hydroxyethyl methacrylate) for pPDNA purification

based on histidine affinity chromatography with 90% recovery.[??]

3.9. Virus purification

Viruses stand as attractive gene delivery vehicles for a wide range of applications. Candidates
include retroviruses, herpes simplex, adenoviruses, vaccinia, and even several plant viruses, e.g.
Tomato mosaic virus.[??’! Bacteriophages, i.e. viruses infecting bacteria, have the potential to be used
as either an alternative or a supplement to antibiotic treatments.[>**! Large-scale production of viruses

is required for viral vaccines as well as for the use of viruses as gene delivery vehicles.
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Historical procedures for virus purification involved clarification with organic solvents as a
first step followed by differential centrifugation, membrane filtration, and density gradient
centrifugation. Unlike liquid chromatography, these methods were lengthy and unspecific, and they
resulted in lower turnover time. Then, researchers switched to liquid chromatography, which ensured
high purity and better productivity.[?>- 21l Several attempts were made to develop adsorbents with
improved flow and less resistance to fluid movement while maintaining specificity and productivity.
Most notable are adsorbents with large pores and monolithic polymeric columns derived from
synthetic organic or inorganic material.>*?] There are also reports on the use of heparin-affinity

233] The use of monolithic

chromatography for retroviruses, which are popular gene delivery vectors.|
columns revolutionized the purification process,?*¥ reducing it from 5 days to 2 hours with higher
viral purity and improving the recovery percentage to 90 at the chromatographic purification step.[??!

Moloney Murine Leukaemia Virus, a replication-incompetent retrovirus, is often preferred as
gene delivery vector. Williams et al. employed affinity capture as a fast, single step separation/
purification technique for retroviruses using macroporous monolithic support.?**] Noppe et al.
developed an alternative for the classical biopanning with the use of cryogel as a chromatographic

236

column as displayed in Figure 14.12°¢ In contrast to classical biopanning, the selection, infection,

amplification steps used by Noppe’s team could be combined inside the column, and the total time

needed for phage selection was reduced by 4-8-fold.[23¢]

3.10. Separation and capture of microbial cells

The separation of microbial cells from a mixed population can be achieved in a single step
using cryogel supports. Cryogel-based cell immobilized columns exhibit extended operational
stability for months, as against Ca-alginate and k-carrageenan gels, which have been used
traditionally as immobilization matrices. When an aqueous solution of PVA undergoes repeated
freeze—thaw cycles with suspended cells, the process results in the entrapment of the cells within the

pores, which are 100-1000 pm diameter.!?*”) The cells can be entrapped inside the pores of cryogel
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or immobilized within pore walls. For microbial cells and other particulate biomolecules separation
chromatographic fractionation based on ion-exchange, affinity, or hydrophobic interactions using
macroporous gels might also be effective.!!7]

The report by Arvidsson et al. can be regarded as one of the early attempts toward the use of

(49,2381 The research team showed that cryogel columns

microporous cryogels for cell chromatography.
grafted with a proper ligand allowed for the selective adsorption of microbial cells with elution
efficiency up to 80% and further projected their applicability for the fractionation of cells from a
mixed population based on the ligands’ surface properties.[>**! Ligands of different affinities have

(171 Also reported

been reported to result in a high level of purity for the separation of microbial cells.
is the efficient isolation of bacterial cells of 3 types: wild type Escherichia coli, His-tagged
Escherichia coli, and Bacillus halodurans using Cu?*- IDA. Dainiak et al. demonstrated perfect
separation of Sachharomyces cerevisiae and Escherichia coli using Concanavalin-A immobilized
cryogel columns.!**”) Evtyugin er al. grafted aliphatic chains of varying lengths within agarose
cryogels for the separation of vegetative cells from a 60 day old culture.**!! Thus, cryogel

chromatographic columns can be used for separating or sorting different cell types from a mixed

population. Further, this technique can be employed as immobilized cell biocatalyst.

3.11. Use of cryogel columns as immobilized cell biocatalysts

Immobilized cell preparations for biotechnological processes have multiple advantages:
higher productivity, refined product, easier recovery and conservation of immobilized biocatalysts,
along with the possibility to develop a continuous process. Also, immobilization shields the cells
from environmental stress such as adverse pH or the presence of toxic compounds and also lowers
the contamination risk, thereby increasing cells’ overall longevity.[2*7]
Various microorganisms, including gram-positive and gram-negative bacteria, yeasts, and

also filamentous fungi, do retain viability and high metabolic activity in immobilized form within

PVA cryogels even after 18-24 months’ storage at -18°C. This finding indicated the potential of
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cryogels to serve as robust immobilized bioreactor systems for the production of different microbial

(2421 Agarose or PVA cryogels are generally used during the immobilization of microbial

products.
cells. Martynenko et al. used cryogels of PVA with immobilized champagne yeasts for wine
champagnization. The process prevented the leaching out of cells from matrix thus maintaining the
transparency and chemical as well as organoleptic properties.l**! Lusta er al. utilized filamentous
fungi-immobilized macroporous cryogel columns for extracellular enzyme production. They reported
the longest durability to be 85 days.[**l Hristov er al. employed Rhodococcus wratislawiensis-
immobilized Cryogel for simultaneous biodegradation of phenol and n-Hexadecane.**! Furthermore,
PVA cryogels have been applied in diverse areas such as biotransformation, fermentation,
degradation, amino acids, and enzymes synthesis.** 24 For example, Martin et al. developed
combined immobilized bioreactor system with entrapped Bacillus agaradhaerens for B-cyclodextrin
production. The PVA-cryogel column separated B-cyclodextrin based on the absorption principle.[>*!

All of these examples suggest that cryogel columns could yield superior products of high purity while

retaining their activity, making the purification process faster and more economical.

4. Cryogels for cell culture and tissue engineering

Due to the high porosity and mechanical integrity of cryogel based scaffolds, there is a
growing body of literature demonstrating their application in tissue and cell engineering fields.
Previously, biological research has been hindered by the inadequacy of two-dimensional cultures
grown on surface cultures in mimicking in vivo cell-cell and cell-extracellular matrix interactions.

246]

Differences in microenvironment chemical gradients,! as well as cell adhesion and

mechanotransduction®*’] between 2D and 3D scaffolds, underlie this phenomenon. Advocates of
cryogels as suitable 3D tissue engineering scaffolds have emphasized their ability to mimic the ECM
[248

1'and their superior biophysical properties.!!>> 24°] Researchers comparing cryogel and hydrogel

based tissue engineered scaffolds have found that cryogels consistently exhibit superior mechanical
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strength and swelling ability than their hydrogel counterparts independent of the polymers used.[!®?]

Though cryogels have been prominently used as bone, cartilage, and skin engineering scaffolds
(cryogel scaffolds, as discussed in a later section), cryogels have also been used in the engineering of
cardiovascular, intervertebral disc, neural, and skeletal muscle tissue.[?>"] The ability of cryogels to
regenerate tissue is so profound that loading the scaffold with cells may not even be necessary, as
success in tissue regeneration in vivo is possible using cryogels loaded only with growth factors.?>!]
Cryogels can not only promote tissue regeneration in vivo; they also have a differentiating effect on
progenitor cells in vitro, implicating the use of cryogels in stem cell therapy.[>?] Cells that infiltrate
cryogels in vivo can also manifest differential gene expression depending on the type of cryogel,

1] Bjoreactors, i.e. devices that

allowing for customization options in tissues cultured in cryogels.
can produce biological molecules, have found applications not only in biochemical engineering, but
in the clinic as well. Further, cryogels could also be used in the construction of bioreactors, as the
relevant biomolecule-producing agents—be they microbes or animal cells—must be hosted in a
conducive environment. Cryogel bioreactors can be used for delivery of biologics in detoxified
plasma,?>! and they can also be loaded with hybridomas and used for monoclonal antibody
production with a greater degree of efficiency than conventional flasks.?>* Owing to their malleable
shape, their durability, and their ability to mimic tissue in the parameter of sound conduction, cryogels
have also found applications in vifro as magnetic resonance and ultrasound imaging “phantoms”

[255

which can replace animal models when appropriate.[?>>! In addition to being shown to be appropriate

tissue mimics in vitro, cryogels can act as tissue mimetics in vivo; for example, cryogel tricuspid

valve mimics have been synthesized.!?*%]

4.1. Bone
Bone constitutes one of the most important organs of the human body. It is highly vascularized
and dynamic, remodeling itself continuously during the life of each individual.>*”! Not only is it

crucial to protecting internal organs or ensuring locomotion by providing mechanical support for the
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body, the bone structure is also involved in several biological functions including homeostasis and

hematopoiesis.[>>]

Thus, bone-related diseases represent a key clinical challenge worldwide,
especially because they constitute 50 per cent of all chronic conditions in people over the age of
50.12597 Although bone has the ability to regenerate and repair itself, large bone defects caused by
severe trauma, bone tumor resection, cancer, infection, or congenital diseases can only be repaired by
bone grafts.[?®) However, the use of bone grafting strategies is severely hampered: autografts are
limited both by the short supply and the considerable donor site morbidity,?®!l while allografts can
induce disease transmission or immune rejection.?%?! To solve this human health and social challenge,
the bone regenerative engineering field has developed several promising strategies to circumvent

limitations associated with the conventional treatments.[293

IIn particular, several studies have focused
on using cryogel scaffolds, due to their unique physical properties and their ability to withstand
external stimulus, as well as their macroporous structure which supports bone cells attachment and
proliferation in 3D.?> Bolgen et al. first showed that HEMA-lactate-dextran cryogels injected with
stem cell suspension could induce stable bone restoration of cranial bone defects in rats while
promoting the formation of new blood vessels to support new bone formation.?*¥l Similarly, Liao ef
al. investigated the ability of fabricated gelatin-based cryogel loaded with adipose-derived stem cells
(ADSC) to regenerate bone defects (Figure 15).['%] In addition to allowing osteogenic differentiation
of ADSC and the expression of bone-specific proteins, the work of Liao et al. further demonstrated
the ability of cryogels to support the bone regeneration of calvarial critical size defects in rabbits.
However, one of the key challenges in bone engineering involves recreating the bone ECM
composed of collagen (type 1 collagen) and hydroxyapatite (HA) crystals (Figure 15C).[2%] Indeed,
ECM plays a critical role in maintaining cell function and structure, tissue morphogenesis, cell-to-
cell signaling!?%¢1 as well as cell interaction.[266:267] Thus, various studies have focused on reproducing
the natural bone ECM using cryogels. For instance, Hixon et al. developed a chitosan-gelatin cryogels

containing different forms of HA crystals.?®®) These scaffolds exhibited good porosity,

interconnectivity, swelling potential and other physical properties, while allowing an excellent degree
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of cell attachment and increased mineralization suitable to support bone regeneration. In a related
report, Salgado et al. evaluated the interaction of various collagen/nanohydroxyapatite cryogels
(Coll/nanoHA) with human bone marrow stromal cells (HBMSC) as well as their biodegradation.?®]
Coll/nanoHA cryogels were found to allow cell survival and proliferation for 21 days in vitro, and in
vivo evaluation after subcutaneous and bone implantation highlighted the biocompatibility of such
scaffolds due to the absence of any adverse reactions. Additionally, their work demonstrated cryogels’
potential to repair bone defects, as the coll/nanoHA of ratio 70:30 promoted tissue regeneration and
induced osteoconduction. More recently, Shalumon et al. reported the fabrication of a
gelatin/nanohyroxyapatite cryogel embedded with poly(lactic-co-glycolic acid)/nanohydroxyapatite
microspheres with both load-bearing and bone-regenerative capabilities.[>’"! This scaffold, loaded
with rabbit bone marrow-derived stem cells (rBMSCs), demonstrated an increase of Young’s
modulus and relative mRNA expression of specified osteogenic markers/scaffold over 28 days of
culture, correlated with an increase of mineral deposition and bone regeneration. Furthermore, this
construct exhibited the ability to repair a mid-daphyseal tibia defect in rabbit, confirming the potential
of cryogels as biomaterials suitable to repair bone defects.

The utilization of biocomposite-based scaffolds is also another alternative under investigation
for bone regeneration.[?’!2731 Misha et al. developed inorganic/organic biocomposite cryogels of
polyvinyl alcohol-tetraethylorthosilicate—alginate—calcium oxide (PTAC), scaffolds with high

(2711 Once implanted in Winstar rats suffering from critical-

porosity and osteoblast biocompatibility.
size cranial bone defects, these scaffolds showed an increased bone regeneration at the implanted site

over a period of 4 weeks while also supporting osteoclastic differentiation.2”?]

4.2. Cartilage
Cartilage is very highly specialized tissue involved in many biological functions, including

the appropriate functioning of joints, smooth sliding (with minimal friction), the protection of bone

ends from shear forces, and the load-bearing capacity to withstand standard repetitive loads.[?74 275
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Cartilage injuries are frequent and mainly caused by trauma, aging, congenital diseases, or cancer
removal, and they represent one of the most challenging problem of modern medicine, as cartilage
deteriorates in the very common type of arthritis, osteoarthritis (OA).[*’®! This issue can cause
tremendously disruption in the patient’s livelihood and day-to-day activities, with over millions of
cases reported among Americans.[?’” 278 Currently, OA is the most prevalent joint disorder in the

279, 281] I

United States [27%-280] with estimated medical expenses totaling billions of dollars annually.! n

the osteoarthritic subject, due to the absence of vasculature and the presence of only a sparse

[282]

population of chondrocyte, cartilage possesses poor intrinsic repair capacity. Current

283, 2841 and microfracture,?®! as

methodology employed in repairing cartilage includes autographs!
well as autologous chondrocyte implantation.?86] These methods have their advantages, but they also
have challenges, such as donor-site morbidity, lack of integration, and unmatched properties of the

(283, 287] Alternatives using biodegradable

repaired regions, which still limit the use of these methods.
scaffolds containing chondrocytes are under persistent investigation, as is the utilization of cryogels
in engineering cartilage due to their unique biophysical and biomechanical properties.

To develop cryogels suitable for cartilage applications, not only is the porous structure of the
scaffold important to allow chondrocyte infiltration and proliferation within the construct: also, the
material composition must mimic native cartilage ECM while having mechanical properties that
support those of the original cartilage (i.e. the mechanical properties to withstand the loading
conditions of the joints).[2”7- 288 Specifically, Han et al. developed a highly porous ECM-based
cryogel fabricated from either methacrylated chondroitin sulfate (MeCS) or methacrylated hyaluronic
acid (MeHA) and cross-linked with PEGDA (Figure 16A).l''!) The resulting scaffolds exhibited a
highly interconnected macroporous structure (Figure 16B) with large pore size and about 75%
porosity (Figure 16C). Moreover, the team’s work showed that the addition of MeHA and MeCS to
the PEGDA significantly enhanced the mechanical properties of the acellular cryogels (Figure 16B),

while allowing adequate chondrocyte infiltration and homogeneous distribution throughout the

cryogels (Figure 16D). The fabricated cryogel was also found to stimulate the expression of cartilage-
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related genes, followed by the accumulation of respective proteins, suggesting that ECM-based
cryogels may be viable for cartilage tissue engineering by promoting specific ECM secretion. Bélgen
et al. also demonstrated the biocompatibility of a 2-hydroxyl methacrylate-lactate-dextran (HEMA-
LLA-D)-based cryogels against cartilage cells, showing that chondrocytes both attached, infiltrated,
and laid down their own natural ECM, recreating a cartilage-like microenvironment within the
scaffolds.!?®) Their work further showed that ~73% cells were viable after 15 days, confirming the
relative biocompatibility of such scaffolds relative to previous approaches.

An alternative to increasing cartilage regeneration relies on delivering cell-derived bioactive
molecules in order to stimulate chondrocyte proliferation. To this end, Gupta et al. fabricated

2741 Although growth factor-

chitosan-agarose-gelatin cryogel scaffolds loaded with growth factor-p1.!
B1 alone led to a significant cartilage regeneration after 3 weeks in a New Zealand rabbit model of
subchondral cartilage defects, their work clearly demonstrated that the combination of this factor with

chondrocyte-seeded cryogels further enhanced the cartilage repair, confirming the potential of

cryogels as versatile tools for cartilage tissue engineering.

4.3. Skin
The skin, one of the largest organs of the body, comprised of three distinct layers, is primarily
involved as a protective barrier against the external environment with immunologic and sensorial

290, 291

functions; it also serves the body’s thermoregulation.! I Extensive skin loss due to burns,

traumatic accidents, or chronic wounds is therefore a crucial threat to patients’ health and has been

an intensive area of research over the last decade.[**?

I The current standard treatments employed
include wound dressing, autografts, and allographs, but their efficiency is limited.[!-2%3] Lately, the
development of skin substitutes has gained momentum as an approach to restoring and healing skin
injuries,'*# but many challenges still remain to be addressed, such as low adherence to wound bed,

patients’ morbidity, insufficient vascularization, and high manufacturing costs,?*! limiting their

clinical application for skin regeneration. Therefore, there is a need to enhance tissue-engineered
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constructs to facilitate healing while avoiding infection and ensuring a long shelf life. With their
macroporous structure enhancing cell migration and their sponge-like structure that could prevent
liquid accumulation in the wound, cryogels appeared as a promising solution to create enhanced skin
substitutes.[295) 361, 397-398]

Wang et al. first developed a novel porous scaffold of hyaluronic acid, collagen, and gelatin
for wound healing.!**®! They demonstrated suitable biochemical and biophysical properties for skin
repair in vitro, with high water absorption capacity, biodegradability, and reorganization of
keratinocytes, melanocytes, and fibroblasts seeded for 7 days in the scaffold mimicking native human
dermis and epidermis structures. Additionally, in vivo implantation of the scaffolds in rats helped the
wound to close faster with no further inflammation or side effects. For example, Priya et al.
investigated the potential for bilayer cryogels to mimic the various layers of skins.?*”1 They combined
a layer of polyvinylpyrrolidone-iodine (PVP-1) cryogel-bearing antiseptic properties with a layer of
gelatin cryogel to confer regenerative properties. The layers constituting the scaffolds possessed
similar structural networks, interconnected macrospores, and mechanical stability; the resulting
cryogels showed antimicrobial effects against skin pathogens and an increase of keratinocyte and
fibroblast attachment and proliferation. Their work also demonstrated that once implanted in rabbits,
the cryogels promoted better and faster wound healing compared to untreated rabbits, and a complete

skin regeneration occurred after 4 weeks with no sign of an inflammatory response.

4.4. Other models
4.4.1. Neuronal

Nerve injuries, both of the peripheral nervous system and the central nervous system, affect
millions of people worldwide, causing permanent cognitive, motor, or psychotic repercussions and

2981 Nerve grafts have been extensively investigated

dramatically decreasing patients’ quality of life.
for their potential to enhance patient outcomes, but autologous grafts have limitations, including

morbidity, neuroma formation, scarring, and sensory loss, while allogenic grafts induce pro-
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inflammatory immune response, quickly disabling the transplanted cells.?®”) To overcome these
challenges, researchers are investigating tissue engineering approaches based on biomaterials that
enable nerve regeneration and tissue replacement at the site of injury.?%Y In particular, cryogels have
appeared as promising biomaterials to support neural tissue regeneration and transplantation to living
organisms, thanks to their high porosity and physical properties that mimic native ECM and provide
support and guidance for neural cells.

Jurga et al. first designed dextran or gelatin-based cryogels linked to laminin, the main
component of brain ECM, to confer neurogenic properties to cryogels.l**!! Their study demonstrated
the capability of such cryogels to promote the formation of artificial neural tissue in vitro by inducing
human cord blood-derived stem cell differentiation. Additionally, they showed that these cryogels
could be transplanted into a rat brain without inducing inflammation or glial scarring while promoting
the host’s neuroblasts infiltration. The implantation of large and complex solid grafts into the brain
can lead to further tissue damage rather than the desired reconstruction, so Béduer et al. developed
injectable alginate and carboxymethyl-cellulose cryogels for minimally invasive delivery in vivo.3%
These cryogels possessed native laminin, allowing neural adhesion and neurite development, while
having both a high local Young’s modulus (protecting the neuronal architecture during injection) and
a low macroscopic Young’s modulus (allowing for the scaffolds’ integration in soft tissues such as
the brain). In another study, Newland et al. also addressed the delivery issues of neuronal cells,
preparing microscale spherical macroporous cryogels made of starPEG and heparin.2%] These
cryogels could be injected through a 27G needle without either destruction of the scaffolds or
alteration of cell viability. Their work also demonstrated the benefits of loading both glial line-derived
neurotrophic factor (GDNF) and nerve growth factor (NGF) within cryogels to support bone marrow-
derived stem cell (MSC) and PC12 cell differentiation, growth, and neurite production (Figure 17).
Cryogels can also be designed to be conducive to supporting the development of such electrically

excitable tissues. In a study, Humpolicek et al. fabricated biocompatible polyaniline cryogels with
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intrinsic electrical conductivity that allowed the formation of beating foci within spontaneous

differentiating embryonic stem cells, as well as the adhesion and growth of neural progenitors.l’>!

4.4.2. Cardiovascular

(3041 characterized by

Cardiovascular disease (CVD) is the leading cause of death worldwide,
injured and damaged blood vessels, valves, and cardiac tissue.l*%! Significant advances in the medical
management of patients suffering from CVD and prosthetic implant development have recently been
made. However, vascular or valve grafts, with heart transplants, remain the only definitive treatments
for end-stage CVD, despite the dramatic lack of donors. Additionally, several complications are
associated with these treatments, such as calcification, infection, poor durability, and pro-
inflammatory immune response leading to graft rejection.?% Thus, cardiovascular tissue engineering
has gained momentum to develop an unlimited source of non-immunogenic functional tissues, and
researchers have keenly investigated the utilization of cryogels due to their promising physical
properties.[307]

Indeed, Vrana et al. designed PV A cryogels able to support abrupt and ramped disturbed shear
stress conditions.[*%! They functionalized these cryogels with gelatin to promote endothelial cells’
adhesion and proliferation. Their study showed that shear stress dramatically increases endothelial
cell proliferation and facilitates neo-endothelialization, making cryogels particularly suitable for
developing artificial arterial grafts. Similarly, Conconi et al. used PVA cryogels coated with
lyophilized decellularized vascular matrix (DVM) to enhance the adhesion of human umbilical vein
endothelial cells (HUVEC).[2%! After in vivo transplantation of PVA-DVM cryogels, they observed
the generation of a highly thrombogenic surface, leading to the mortality of all animals after few days.
However, their study showed that rats implanted with plain PVA cryogels survived for 12 months,
and that these scaffolds displayed a suitable endothelial tissue formation without reduction of the
inner diameter—making them promising for the fabrication of artificial vessels. In another study,

Jiang et al. used PVA-cryogels to fabricate tri-leaflet heart valve prosthesis.[?®! PVA-cryogel heart
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valves were able to open and close following cyclic flow, and they were able to compress temporarily

into a small ball to facilitate implantation into the chest cavity without alteration of their integrity.

4.4.3. Intervertebral disc

Degenerative disc disease (DDD) is the major cause of low back pain and develops gradually
with age.?19 DDD is caused by long-term compressive loading of intervertebral disk (IVD), inducing
a decrease of vascularization and alterations of the ECM composition leading to IVD degeneration
and degradation.*!!l Ultimately, DDD induces pinching of nerves and severe back pain, requiring an
extremely invasive spinal fusion surgery which is costly and only a temporary solution. An alternative
is whole IVD replacement, by which cryogels are engineered as entire discs substitutes that could be
inserted into the joint space.

In their work, Wang et al. assessed the mechanical stability of PVA cryogels and determined
that PVA cryogels that are freeze-dried 3 times more accurately mimic the human IVD in

3121 Similarly, Temofeew et al. fabricated hybrid gelatin and

compression, stress relaxation and creep.!
poloxamer 407 (P407) cryogels to increase water retention and pore size of cryogels to facilitate cell
infiltration while maintaining mechanical stability over 28 days.!!l To improve implant integration
and confer regeneration compatibilities to cryogel-based IVD, Neo et al. functionalized PVA cryogels
with silk fibroin (SF).!'3% These cryogels possessed improved cell-hosting abilities, compressive
moduli, and hoop stress values, leading to the creation of cellularized IVD cryogels suitable for [IVD
replacement. However, implantation of such scaffolds can remain complicated; thus, Zeng et al.
investigated the development of injectable microcryogels to allow for the minimally invasive delivery
of mesenchymal stromal cells within IVD for improving regeneration.3!3-3141 Their team encapsulated
MSCs within PGEDA microcryogels reinforced with alginate and demonstrated that this system

allowed a better MSC differentiation in nucleus pulposus cells, as well as an alleviation of IVD

degeneration in a canine model, while preventing any cellular leakage outside of the scaffolds.
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4.4.4. Skeletal muscle
Although minor skeletal muscle injuries can naturally regenerate, more severe damage
occurring from trauma or myopathies will lead to the irreversible loss of muscle mass and function

as well as the formation of scar tissues.l*!?

I Cell therapies have been extensively investigated as
promising treatments for these severe injuries. However, the poor survival of delivered cells led to
the development of biomaterials-based strategies to improve cells’ viability by mimicking key
biochemical and biophysical features of the native muscular tissue. Thus, cryogels have become a
target of interest for researchers investigating various skeletal muscle regeneration applications.
Singh et al. first demonstrated that PHEMA-gelatin cryogels could be used to culture
myoskeletal cells (C2C12), leading to their proliferation in 3D as well as the formation of tubular
structure and the alignment of cells during tubule formation.[*'®) To develop a strategy based only on
autologous materials for medical applications, Elowsson et al. evaluated the utilization of blood and
plasma to create macroporous cryogels to support C2C12 cultivation and transplantation in vivo.[?!7]
They demonstrated that C2C12 cells can attach to, proliferate within, and migrate through the
cryogels, that they can undergo myogenic differentiation, and that they express typical markers of
myoblasts. Moreover, the transplanted cell-laden scaffolds in mouse quadriceps degraded over time
and were replaced with regenerated skeletal muscles. Pumberger et al. proposed another approach,
which relied on the utilization of alginate-based cryogels seeded with MSCs to promote muscle
regeneration by secreting bioactive molecules.?!8] They showed that alginate cryogels enhanced
MSCs’ adhesion and spreading and the secretion of IGF-1 and VEGF, and further that the
transplantation of this synthetic niche in vivo in rats improved muscle fiber regeneration. Qazi ef al.
have further characterized this system and have demonstrated that cryogel-enhanced MSC paracrine
secretion leads to a better regeneration of muscle fibers compared to conventional nanoporous

B9 This finding can be attributed to cryogels’ unique macroporous structure, which

hydrogels.
favorizes cell-cell interaction during culture, strengthening the suitability of cryogels for such

applications.
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4.5. Cryogels as bioreactors
With the advances occurring within the tissue engineering field, bioreactors have gained
momentum, as they can allow mammalian cells to grow within a well-defined and controlled

3201 Providing a

environment while promising the possibility of scaling up to an industrial level.l
suitable biochemical and physical environment is crucial in order to help the in vitro proliferation and
differentiation of cells, the neo-synthesis of ECM, or the production of signaling molecules.3?!]
Recently, cryogels have played significant roles in developing new bioreactors systems, specifically
for the production and isolation of various therapeutic molecules. Kumar et al. used the unique
interconnected macroporous structure of cryogels to allow both cell growth and protein separation in
order to develop an automated bioreactor with a high protein capture (yield of 80%) and high
selectivity (purification factor of 27).[18%:322] They synthesized pAAm cryogels, functionalized either
with (i) covalently coupled gelatin (gelatin-pAAm) to allow human fibrosarcoma HT1080 or human
colon cancer HCT116 growth and urokinase secretion, or with (ii) Cu(Il)-iminodiacetic acid (Cu(Il)—-
IDA)-ligands (Cu(II)-IDA—pAAm cryogel) for the capture of urokinase from the media (Figure 18).
In another study, Nilsang et al. investigated the capability of cryogel-based bioreactors to support
functionally active monoclonal antibody (mAb) production by mouse hybridoma cells (M2139).3231
They showed that gelatin-pAAm cryogel bioreactors operating continuously for 55 days allowed
mAb production, similarly to a commercially available flask-based system (CL-1000), but with a
higher yield (3 times greater) while retaining their functionality in vivo in the context of mice arthritis
induction. In further studies, Jain et al. investigated the capability of cryogel-based bioreactors to
support monoclonal antibody (mAb) production by various hybridoma cells in static cultures.[3?% 321
They first demonstrated that polyacrylamide—chitosan (PAAC) cryogels allowed a high mAb
production by hybridoma cells and promoted an enhancement of cell growth while removing animal-

derived polymers (such as gelatin or collagen).’?* Three different bioreactor formats were also

designed, and the researchers’ results demonstrated the crucial impact of cryogel geometry—as
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monolith bioreactors performed more efficiently, allowing a four-fold higher mAb production
compared to t-flask culture over a 60-day continuous run. Similarly, they also demonstrated that semi-
interpenetrating PA Am-chitosan cryogels can be used for therapeutic protein production, highlighting
the versatility, low cost, and high efficiency of cryogels-based bioreactors for small-scale therapeutic
development and initial clinical trials.

Cryogels’ ability to withstand repetitive compression via their unique physical and shape
memory properties revolutionized the development of bone-related bioreactors. Bolgen et al. first
demonstrated that 2-hydroxyethyl methacrylate (HEMA)-lactate—dextran cryogels allowed
osteoblast-like cells (MG-63) to grow in dynamic conditions (perfusion), and that repetitive
compression of the scaffolds had a positive effect on MG-63 proliferation and maturation, ECM
synthesis, and alkaline phosphatase (ALP) activity.[*26] This finding was further confirmed by Chen
et al, who showed that the cyclic dynamic compression of gelatin/chondroitin-6-
sulfate/hyaluronan/chitosan cryogels seeded with porcine chondrocytes and porcine adipose-derived
stem cells induced neo-ECM synthesis throughout the scaffolds, chondrocyte gene expression, and a
significant generation of ectopic neo-cartilage tissue following subcutaneous injection.*?”] Similarly,
Xu et al. also demonstrated that the dynamic compression of small intestinal submucosa cryogels
seeded with primary rat nucleus pulposus cells promotes matrix synthesis by maintaining N-CDH
expression and PI3K/Akt pathway activity compared to static compression.’?8) Beyond tissue
modeling, cryogels have also shown great potential as bioreactors for the preparation of bioartificial
organs in three dimensions, in which capacity they would provide a bridge to patients waiting for
organ transplant. For example, in the context of liver failure, Jain et al. demonstrated that
interpenetrated polymer networks (IPN) of chitosan and PNIPAm (PNIPAm)-chitosan) were able to
promote the growth and function of fibroblasts (COS-7) and human liver cells (HepG2) in vitro.[?*)
Additionally, poly(NiPAAm)-chitosan cryogels demonstrated a high bio- and hemocompatibility
while preserving the ability of cells seeded within cryogels to purify plasma, making cryogel-based

bioreactors suitable as bioartificial livers (BALs) by supporting liver functions such as detoxification
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and synthesis of crucial metabolites. In other studies, Damania ef al. optimized a poly(NiPAAm)-
chitosan cryogel-based BAL system by designing a hybrid bioreactor that integrates hepatic cell-
loaded cryogels and activated carbon cloth to overcome the plasma’s toxicity effect on cells.[>3% 3311
They first demonstrated in vitro that this bioreactor can maintain its functionality regarding albumin
and urea synthesis after intermittent exposure to a patient’s plasma, suggesting the possibility that
this system could be put to use as a reusable BAL.3! This cryogel-based bioreactor was also
connected extracorporeally to rats suffering from acute liver failure for 3 hours, and it demonstrated
a high efficiency by decreasing bilirubin and aspartate transaminase by 20—-60%, and also by allowing
an increase of urea by 40% and a decrease in ammonia by 18%.133% Damania et al. also demonstrated
that decellularized liver matrices can be used to coat poly(NiPAAm)-chitosan, not only improving
the viability and functionality of hepatocytes in vitro, but also extending cellular functionality in

vivo.[331]

5. Other applications of cryogels

The macroporous, interconnected architecture of cryogels makes them highly suitable to be
used as scaffolds in a wide range of biomedical applications. As described above, their similarity to
the structure of the ECM has led to the utilization of cryogels in tissue engineering and more recently
as microenvironmental mimics of disease states. Furthermore, combining the idea that cryogels are
suitable as both cell immobilizers and drug delivery vehicles has resulted in the fabrication of
antibody-producing stem cell-loaded cryogels*3% and immunostimulatory protein-loaded cryogels!®!
as cancer immunotherapy agents. Additionally, the intricate and three-dimensional nature of cryogels
can allow for controlled drug release. Higher sustained delivery by cryogels relative to corresponding
hydrogels can occur and is related to the superior mechanical strengtht*3*) and swelling ability!*3*! of

the former.
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5.1. Cryogels as tumor microenvironment mimics

Besides (re)generation of healthy tissues, there is a need for suitable 3D cell culture systems
to better mimic natural tumor formation. For several decades, anti-cancer drugs have been tested on
monolayer cultures of cancer cell lines. Although these 2D approaches have been essential for our
current understanding of cancer biology, it is becoming increasingly clear that 2D in vitro assays
poorly predict the clinical benefit of novel drugs.l*3*! Instead, both scaffold-free and scaffold-based

336] Scaffold-free 3D culture systems, such as

3D cell culture methods are increasingly being used.!
hanging drop cultures, allow for the in vitro formation of multicellular aggregates, or spheroids, that
better reflect drug responses found in vivo.3”) However, scaffold-free approaches are difficult to
standardize for high throughput cancer drug screening, and they are not applicable for all cell
types.[33 3391 Instead, scaffold-based 3D culture methods allow for more control over the cellular
environment. Since the tumor microenvironment and ECM provide important signals that greatly
affect cancer cells, scaffolds should mimic natural 3D tumor micro-architecture as closely as possible
to accurately study proliferation and drug responses of tumors in vitro.[**%- 3411 Scaffolds derived from
biological tissues, such as Matrigel, have been used extensively for tumor cell culture. However, their
composition and properties are difficult to adjust and standardize. Due to their interconnected
macroporous structure and tunable tissue-resembling elasticity, cryogels are particularly well-suited
for this purpose.l'?”) Because of this suitability, cryogels made from different materials have been
applied in various studies to form tumor spheroids that bridge the gap between in vitro and in vivo
cancer cell behavior (Figure 19).

Cryogels can be further optimized as in vitro tumor models by tuning scaffold elasticity,
porosity, and presentation of chemical cues to better mimic the tumor microenvironment ECM.
Studies with different formulations of cryogels composed of alginate, gelatin, and PEGDA have
demonstrated the influence of these scaffold characteristics on prostate cancer cell growth. High

elasticity and porosity were found to result in strong proliferation of different prostate cancer cell

lines, while the presence of chemical ligands, such as cell-adhesive RGD peptides, was not essential
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120. 3421 In addition, prostate cancer cells only responded to androgens when

for optimal cell growth.!

1201 The elasticity of

cultured on cryogels with high porosity and high elasticity that contained RGD.[
PEGDA cryogels can also be optimized by varying PEGDA molecular weight. Prostate cancer cells
cultured on these elasticity-optimized PEGDA cryogels also showed increased proliferation and high
expression of androgen response genes compared to 2D and scaffold-free 3D culture methods.’#]
Similarly, prostate cancer spheroids have been grown on cryogels consisting of silk fibroin blended
with gelatin, collagen, chitosan, and the spider silk protein spidroin.?#* In particular, high levels of
proliferation and spheroid formation were observed when cells were cultured on the remarkably
porous silk fibroin-chitosan gels.**! For breast cancer cells, the effect of different functional ligands
on spheroid formation has also been determined, which was done in transparent hyaluronic acid
cryogels. When RGD-functionalized cryogels were used, breast cancer cells showed a similar
morphology to cells cultured in 2D. Alternatively, spheroid formation could be induced by replacing
RGD peptides with a laminin 1-mimetic IKVAV peptide.’*! In polyacrylamide-based cryogels,
spheroid formation was demonstrated to be RGD-dependent for both colon cancer and leukemia
cells.?*¢) This finding further highlights that for each 3D cryogel culture system, the material
characteristics need to be tailored to the specific cell types intended.

In particular, spheroid formation in chitosan-alginate complex cryogel (CA) scaffolds was
demonstrated for several cancer cell types.[?8%- 347, 3481 CA scaffolds are biodegradable, non-
immunogenic, and can be degraded using mild conditions, which allows for straightforward retrieval
of cultured cells. The behavior of human glioma cells seeded into these CA scaffolds more closely
resembled the behavior and morphology of tumors in vivo compared to cells cultured in 2D or
Matrigel. In addition, glioma cells cultured on CA scaffolds showed a more malignant phenotype in

280

vivo due to an increased expression of (angiogenic) growth factors.?8) Similarly, hepatocellular

carcinoma (HCC) cells grown on CA scaffolds formed multicellular spheroids and showed an

increased expression of malignancy markers. HCC cells cultured in the cryostructured CA scaffolds

were markedly more resistant to doxorubicin treatment compared to 2D or Matrigel-cultured cells.[**7]
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Nanoparticle-mediated prostate cancer gene therapy applied in these cryogels could also better predict

[348] Furthermore, CA scaffolds have been applied

in vivo responses than other in vitro culture systems.
as in vitro ECM mimics to study interactions of tumors with other cells, such as immune cells, which
showed that CA-based prostate and breast tumor models can support interactions between 3D tumor
spheroids, T cells, and fibroblasts.34-35% This way, a more clinically relevant platform was provided
for in vitro validation of cancer immunotherapies.3%% 3311 Interactions of breast cancer cells with
carcinoma-associated fibroblasts have also been investigated using gelatin cryogels; these
investigations demonstrated that fibroblasts promote metastasis of breast cancer cells.[’?
Significantly, CA-based cryogels also promote the proliferation and enrichment of glioblastoma,
breast, prostate and liver cancer stem cells. As these cells are notoriously difficult to propagate under
2D conditions, 3D cancer stem cell culture could allow for a better understanding of their biology and

(3331 Similarly,

could be a valuable tool for developing therapies that target cancer stem cells.
cryostructured macroporous gels composed of a mixture of chitosan and hyaluronic acid have also
been used to mimic the microenvironment of glioblastomas, because hyaluronic acid is an important
component of brain ECM. These scaffolds can also support the growth of cancer stem cells harvested
from glioblastoma tumors. Cells cultured in these scaffolds also show more resistance to a variety of
anti-cancer drugs.[*4]

Because cryogel-based in vitro tumor models better reflect in vivo behavior of cancer cells,
these models can be used to predict in vivo cancer drug responses in high throughput systems. For
this purpose, cancer drugs have been screened on colon cancer and leukemia cells grown in RGD- or
collagen-functionalized polyacrylamide cryogels in a 96-wells format. In these gels, cancer cells
showed lower sensitivity to both cisplatin and cytosine 1-B-D-arabinofuranoside.**¢! When cultured
in gelatin cryogels in a similar 96-well-based system, breast and lung cancer cells showed increased
resistance to tamoxifen and paclitaxel compared to cells cultured in 2D. Drug resistance was increased

even more in the presence of poly N-isoproylacrylamide, a thermoresponsive polymer that aids

spheroid formation.*>*! To further advance translation of spheroid cultures for high throughput tests,
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generating gelatin cryogels in off-the-shelf microarray chips that can be used in benchtop equipment
in 96-well and 384-well format can be advantageous.*% 3% Similarly to other 3D culture methods,
these micro-3D-tumor arrays predicted in vivo drug responses to doxorubicin, gemcitabine, and
vinorelbine more accurately than 2D cancer cell cultures. Using this platform, cell lines, patient-
derived xenografts, and patient biopsies have been tested for their sensitivity to a wide variety of anti-
cancer drugs.[*>3] Taken together, ECM-mimicking cryogels have great potential for 3D tumor culture
that is more reflective of in vivo tumor behavior than other approaches. Application of cryogels in
high throughput equipment may greatly benefit the translation of novel anti-cancer drugs to clinical

practice.

5.2. Cryogels in anti-cancer vaccination strategies

In addition to providing an in vitro 3D environment for cell culture, cryogels can be used to
deliver cells and/or therapeutics for cancer immunotherapy. Over the past decades, immunotherapy,
by which the patient’s immune system is directed to attack cancer cells, has emerged as a promising
approach for the treatment of advanced cancers. These therapies generally rely on the activation of
specific T cells by tumor antigen-presenting dendritic cells. Strategies that use ex vivo activated T
cells or ex vivo antigen-loaded dendritic cells have shown some success.[*>®! Clinical effectiveness is
often limited due to insufficient survival and localization of transferred cells, which can be improved
by the transplantation of immune cells within macroporous hydrogels.*>”- 3381 Nonetheless, the
application of cell-based therapies remains challenging due to the need for cumbersome and
expensive personalized cell culture. Therefore, different platforms have been engineered to efficiently
attract, activate, and load dendritic cells with antigen in vivo in an off-the-shelf approach. An
implantable PLGA scaffold vaccine has shown promising results in pre-clinical tumor models for
melanoma and gliomal®>®! and is currently undergoing phase I clinical trials for application in
metastatic melanoma. Similar vaccines have also been developed using cryogels as an injectable

alternative to the implantable PLGA scaffold.
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As a first step, researchers encapsulated GM-CSF into cryogels to attract immune cells.?! In
vivo injection of GM-CSF-containing gelatin cryogels resulted in infiltration of large amounts of cells

3601 To develop immune cell-attracting gels into cancer vaccines, alginate cryogels

into these gels.|
were generated, containing GM-CSF and TLR agonist (CpG ODN) to attract and activate dendritic
cells. Transplantation of irradiated tumor cells within injectable GM-CSF- and CpG ODN-loaded
alginate cryogels into tumor-bearing mice generated potent and durable anti-tumor immune
responses. These immune responses were induced by attracting large numbers of dendritic cells,
which were activated by CpG ODN while being in close contact with tumor antigens within the
alginate cryogels.['%] Furthermore, transplanting breast cancer cells into mice using tough, better-
injectable cryogels loaded with GM-CSF and CpG led to the production of high levels of protective
antitumor antibodies. Instead of whole tumor cells, these cryogels were also loaded with model tumor
antigens to provoke potent anti-tumor immune responses (Figure 20).0361]

Sustained in vivo production of anti-tumor antibodies has also been achieved through the
transplantation of gene-modified stromal cells. Cryogels formed from star-shaped PEG and heparin
were used to transplant immunotherapeutic organoids containing mesenchymal stromal cells capable
of producing anti-CD33/CD3-bispecific antibodies into tumor-bearing mice. The generated
antibodies were able to direct T cells toward CD33" acute myeloid leukemia cells, which resulted in

s.3621 In a similar approach, these organoids were used to produce target

effective anti-tumor response
modules in vivo that could link tumor cells to an engineered chimeric antigen receptor (CAR) on T
cells. This approach resulted in specific killing of CD19* tumor cells by retargeted CAR T cells.[3%]

Thus, cryogels provide a promising platform for minimally invasive (and possibly off-the-shelf) anti-

cancer vaccines.

5.3. Cryogels for sustained delivery of cells and drugs
In addition to their applications in cancer immunotherapies, cell-based therapies hold great

promise for the regeneration of damaged or diseased tissues. However, because cells are often
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damaged during injection and do not stay localized to the diseased tissue, cell-based therapies often
do not reach their full therapeutic potential.[*5%365] Scaffolds can be used to overcome these problems
by ensuring local delivery while protecting cells from injection damage and harmful

3661 In tissue engineering, efficient cell delivery has been achieved using

microenvironments in vivo.l
a variety of implantable materials, including cryogels. For example, implanting gelatin-dextran
cryogels containing genetically modified chondrocytes, researchers were able to heal cartilage defects
in rabbits,!**”] and also used gelatin-hyaluronic acid cryogels to transplant adipose-derived stem cells
for soft tissue engineering.*®] Furthermore, Borg et al. implanted starPEG-heparin cryogels loaded
with both mesenchymal stromal cells and pancreatic islets into mice to improve islet survival.?®1 In
these approaches, cryogel scaffolds are mainly used as mechanical supports for transplanted cells.

However, scaffold implantation requires invasive surgical procedures and can be challenging for

some applications, such as neuronal cell therapy.[*%]

5.3.1. Therapeutic cell delivery with injectable scaffolds

To avoid surgery-induced tissue damage during implantation, several novel strategies focus
on minimally invasive scaffold introduction in vivo through injection. For this reason, several
scaffolds that spontaneously assemble after injection are currently under development for
transplantation of cells and as therapeutics. For example, researchers have used polymers that are able
to both spontaneously self-assemble into porous scaffolds upon injection and induce anti-tumor
immune responses in mouse models.?>”-37% However, these hydrogels are highly dependent on in situ
gelling conditions that are difficult to control, such as gelation time and polymer concentrations after
injection. Furthermore, cargo and liquid precursors that should be incorporated into the injected
scaffolds might leak from the injection site, which may lead to toxicity and limited control over the
scaffold macrostructure.’> 37! Self-healing shear-thinning injectable hydrogels have been used to
avoid these issues, but application of these scaffolds is limited by their weak cross-linking

interactions.[*’?! Instead, cryogels have a more defined, interconnected, and macroporous architecture
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with shape memory properties and can withstand large amounts of stress, allowing them to be
injected. To investigate their value for cell-based therapies, researchers demonstrated that cryogels
promote localization and retention of bioluminescent reporter cells after subcutaneous injection into
mice.[%?]

In addition to the immunotherapeutic strategies described above, injectable cryogels can be
used for a variety of cell therapies. As such, alginate and carboxymethyl-cellulose cryogels have been
used as injectable neural engineering scaffolds that protect cells during injection. Due to their
compressibility, these scaffolds were used in tests for injection of large neural networks, which may

3021 Furthermore, heparin-functionalized

allow for a minimally invasive repair of brain tissue damage.!
gelatin cryogels have been used as a fibroblast carrier to induce neovascularization in an ischemic
hindlimb ischemia model. After excision of femoral arteries, cryogel-based fibroblast injection in the
damaged area resulted in significantly increased recovery of blood flow and reduced necrosis.
Injectability of these gelatin/heparin cryogels was better for gels with a lower gelatin content.[*73]
Cryogel mechanical properties can be further optimized by incorporating ionic cross-links into
methacrylate-alginate cryogels. These ionic cross-links are dynamic and can reversibly break during
injection, which enhances the toughness of the gel and allows for injection through smaller needles.
As discussed above, these tough cryogels were applied as anti-cancer vaccines.[*!]

Intact cryogel injection through thinner needles can also be achieved by using formulations of
multiple microcryogels. Macroporous, micro-sized cryogels have been generated both by
micromolding on chips and by using water-in-oil emulsion methods.*% 3741 In contrast to bulk
cryogels, microgels do not have a large pre-formed macrostructure that is necessary for some tissue
engineering applications. Nonetheless, the smaller gels are injectable through fine-size needles while
maintaining survival of transferred cells.*’*'Hence, microcryogels have been studied for applications
in a variety of cell therapies. On-chip-fabricated alginate-loaded PEG-based cryogels were used to

efficiently inject fibroblasts to increase site-directed angiogenesis.l*’*! Microchip-generated gelatin

microgels have also been used to improve survival and retention of mesenchymal stem cells after in
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vivo injection. These cryogel-based cell injections improved angiogenesis, enhanced blood perfusion,

[365] Furthermore, researchers developed

and reduced muscle degeneration in ischemic hindlimbs.
alginate/PEG based microcryogels for treatment of intervertebral disc degeneration, a cause of lower
back and neck pain. Since cryogels can bear large mechanical loads, they are particularly suited for
intervertebral discs, as discussed earlier. For this application, the gels were loaded with mesenchymal

(3141 Injection of pre-conditioned stromal

stromal cells that could be preconditioned inside these gels.
cells within cryogels prevented cell leakage, and cryogel delivery of these cells into canine
intervertebral discs alleviated degeneration better than scaffold-free application.[*!*! Gelatin
microcryogels, generated on microchips using a similar method, were also successfully used for the
delivery of human adipose-derived stem cells to enhance wound healing in mice.75] Microcryogels
fabricated via an oil-in-water emulsion method have also been applied for the delivery of human
adipose-derived stem cells in vivo. Inside the porous gels, stem cells were highly viable, showed
potent adipogenic differentiation, and formed extensive cell-cell contacts, which resulted in effective

376

adipose tissue formation.[*’®! Injectable microgels, fabricated via a similar emulsion method, have

also been developed for the injection of neuronal cells. Using these gels, neurons and stem cells were

[303] Taken together, cryogels can be used

injected through small needles without a loss of viability.
to improve injectable cell-based therapies by protecting cells during injection, localizing cells at the

injected site, preventing cell death due to lack of attachment after injection, and allowing tissue

regeneration due to their elastic macroporous structure.

5.3.2. Cryogels for controlled drug release

The interconnected, porous structure of cryogels is essential for efficient infiltration or
delivery of cells. However, this architecture can be problematic for controlled drug delivery, as the
porous structure may result in too-rapid release and limited loading capacity for some molecules.
Several approaches exist for the controlled release of drugs and proteins (Figure 21). Proteins and

drugs encapsulated in cryogels generally show an initial rapid burst release.[®* 3771 Alternatively,
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proteins entrapped in densely packed cryogel walls may only be released upon degradation of the

(521 This process can be

scaffold, as appears to occur for injectable biodegradable alginate cryogels.
aided by incorporation of protease-cleavable cross-links in cryogels, which leads to increased scaffold
degradation after cell infiltration.[**°! For small molecules, control over release properties has been
achieved through optimization of cryogel formulations. In these cases, drug release is generally
controlled by the swelling behavior of the polymers.[®!) Several studies have demonstrated control
over this swelling behavior and drug release by adding polymers, such as cellulose or PNIPAm, that
reduce the pore size or provide charged surfaces.®!: 378 Additional control over release profiles can
be gained by making use of responsive materials. For example, cryogels that are responsive to
temperature, pH, and local salt concentrations have been developed to controllably release diclofenac
sodium.B7]

Gelatin is a popular scaffold material for cryogels, because processing and modification of
gelatin alters its electrostatic properties. Because of this property, differently-charged molecules may
be released depending on gelatin modification. Extensive cross-linking of gelatin cryogels has also
been used to control sustained drug delivery.?3 Drug release has been controlled more specifically
by incorporating polymers with specific drug binding sites into cryogels using molecular imprinting
technology. Using this method, cryogels have been developed that bind drugs via metal chelators,
ionic interactions, and specific protein interactions.*8!1 For example, controlled release of the cationic
chemotherapeutic agent doxorubicin was achieved using PEG-based cryogels that were cross-linked
together with glutamic acid-containing polymers, which also allowed for pH-responsive drug
delivery.382

Similarly, controlled delivery of specific growth factors and chemokines is possible by
incorporating heparin into cryogels. For example, injecting vascular endothelial growth factor
(VEGF)-loaded heparin-functionalized gelatin cryogels into ischemic hindlimbs of mice, which

induced angiogenesis through controlled release of VEGF.F73) However, in vivo controlled release of

VEGF has also been achieved using gelatin-based cryogels without heparin functionalization to treat
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bone defects in rabbits.!?>!! Similarly, neuronal growth factors have been loaded in heparin-containing
starPEG microcryogels to promote neuron survival.3%%]

Delivery of drugs from cryogels may also be further controlled by creating composites with
particles. For example, pre-adsorbing proteins to negatively charged Laponite nanoplatelets has been
used to prevent burst release and provide sustained protein release from alginate cryogels, which
could be tuned by altering the Laponite content within the gels.”?! Similarly, the release of the broad-
range antibiotic ciprofloxacin from gelatin cryogels could be tuned by incorporating the drug in
calcium carbonate microspheres.l*’”] Particles have also been generated from materials approved for
clinical use, such as PLGA, to modify protein release. For example, Chang et al. developed cryogels
containing PLGA microspheres and loaded with bone morphogenetic protein-2 for bone integration

[383] When applied in a rat model for dental implants, these composites were able to

of implants.
effectively induce osteogenesis in vivo. Thus, in addition to their application as cell delivery vehicles,
cryogels have been developed into injectable depots for local drug delivery. Release kinetics may be

controlled by modifying the cryogel structure or incorporating other drug delivery modalities into the

scaffold.

6. Conclusion

Cryogels clearly have great potential for many emerging biomedical applications, as detailed
in this review. However, despite many technological advances, much work remains for their broader
translation to the market. One of the major advantages cryogel-based materials offer is their unique
properties, which attract researchers from various fields. Simply by controlling fabrication parameters
(e.g. polymer choice, temperature, solute concentration and cooling rate), scientists are able to
generate cryogels with highly tunable physico-chemical properties and large interconnected pores.
Given these properties, cryogels were commercially developed as monoliths in bioseparation

processes including fractionation of molecules (e.g., proteins, nucleic acids) and/or microorganisms
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(cells, viruses, bacteria). The macroporous network of cryogels supported superior mass flow rates at
the cost of lowered binding capacity that researchers addressed with molecular imprinting and affinity
chromatography strategies. More recently, this class of macroporous hydrogels has drawn great
interest in the biomaterial community for tissue engineering and bioreactor applications. Their unique
macroporous architecture, physical properties recapitulative of native tissues, and shape memory
properties make cryogels exemplary substitutes for 3D tissue constructs. An additional advantage is
that cryogels are readily amenable to various functionalization chemistries that could confer novel
biological functions. Furthermore, some cryogels can be formulated to be injectable, making them
great candidates for minimally invasive delivery for both tissue engineering and spatiotemporal
controlled delivery of therapeutics and cells. Most recently, cryogels have been developed as
advanced cancer immunotherapy vehicles.

However, to further advance cryogel technologies in the clinic, key questions need to be
addressed, including the impact of how cryogels’ physical properties affect cell behavior. Detailed
examinations focusing on how pore size, volume and interconnectivity, as well as cryogel bulk and
local mechanical properties, influence cell physiology and differentiation need to be carried out.
Similarly, how cryogels’ properties affect molecular diffusions (e.g. diffusion of nutrients, oxygen,
waste removal or drugs released) require further investigation. Once these and similar studies are
complete, challenges in the scale-up potential of cryogels must be addressed, especially in cases when
extremely well-controlled and reproducible freezing conditions are required to obtain functional
cryogels. For example, comparative scrutiny of cryogels might be necessary to determine key
parameters crucial for the design of cryogel-based biomaterials specific for each application. In
conclusion, cryogels are extremely versatile biomaterials that can be utilized in a wide range of
biomedical applications, spanning from bioseparation to immunoengineering, that require further

consideration to reach their full commercial potential.
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Figure 1. Macroporous hydrogel preparation. Schematic contrasting porogen-based methods (A)

and cryogelation (B) for introducing pores in hydrogels. Reproduced with permission!?'1, 2013, Royal
Society of Chemistry (RSC).
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Figure 2. General steps in fabricating macroporous hydrogels via different techniques. SEM
images for salt/porogen templating (reproduced with permission %41, 2006, Elsevier), gas foaming
(reproduced with permission B8, 2010, RSC), freeze-drying (reproduced with permission 3171, 2013,
RSC) and freeze-thawing (Reproduced under the terms of CC-BY 4.0 license,!'33], 2018, Rezaeeyazdi
et al.) Scale bars are measured 100 pm.
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Figure 3. Cryogels can be fabricated in various shapes and sizes. (A) Digital image of a gelatin
cryogels (Reproduced under the terms of CC-BY 4.0 license 7%, 2017, Kumari et al.) (B) Polyaniline
cryogel mimicking the properties of native tissue. Polyaniline is green in transparent thin films but
appears black in thick layers or in powder form (reproduced under the terms of CC-BY 4.0 license
(75,2018, Humpolicek et al.) (C) SEM micrographs revealing the morphology of BPLLA scaffolds
at low magnification (reproduced with permission 31 2017, IOPScience) (D) A 3D printed
cryogel.l*! (E) Back view of a PLA/SF ear-shaped cryogel.*’3! F.G) ACG-HV scaffold with macro
and microscopic homogeneity produced using the final mold.[®]
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Figure 4. Conductive scaffolds used in biomedical applications. Scanning electron microscopy
images of top (A) and side (B) views of a nanoES/alginate scaffold (reproduced with permission [!37],
2012, Springer Nature) The nanoES ribbons are pseudo-colored in brown for better visualization.
Scale bars, 200pm (A) and 100 um (B). (C) Confocal image of rat hippocampal neurons cultured in
Matrigel containing reticular nanoES for two weeks. The metal ribbons are imaged in the reflected
light mode and false-colored in blue (reproduced with permission 371, 2012, Springer Nature). (D)
In vitro construction of conductive cryogels used as cardiac tissue patch.!'3¢) (E) In vivo implantation
of the cardiac patch into the infarcted myocardium.!3¢]
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Figure 5. Effect of cryogelation temperature and cooling rate on pore structure of cryogels
made of alginate cryogels cross-linked in calcium bath. Utilizing a stage cooling method to
investigate the effect of cooling rate, pre-polymer temperature, and cryogelation time on pore
architecture of alginate cryogels. Scale bars are measured 300 pm. Reproduced under the terms of
CC-BY 4.0 license [#31, 2017, Zhang et al.)
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Figure 6. Injectable cryogels with shape memory features. (A) Images of MA-alginate cryogels
before and after injection through 16-gauge needle. (B) Fluorescent microscopy images of MA-
alginate cryogels with different sizes before and after injection through 16-gauge needle showing no
change in marostructure of the cryogels after injection. (C) Injectable cryogels can be fabricated in
different sizes through cryopolymerization. (D) MA-alginate cryogel in dehydrated and swollen states
showing the memory shape property of these cryogels. (E) Cryogel localization after subcutaneous
injection of preformed MA-alginate cryogels (4x4x1mm) in the subcutis of a mouse after 3 days. (F)
Histological analysis (H&E stain) of explanted MA-alginate cryogel at day 3. The arrows indicate
the interface between the subcutaneous connective tissue (lower left) and the cryogel matrix (upper
right) (10x magnification). Reproduced with permission 52, 2012, Bencherif et al.)
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Figure 7. Flow, pressure and compression characteristics of polyacrylamide (pAAm) monoliths.
(A) Impact of uniaxial compression on pAAm monolith pore structure. Significant deformation is
observed at > 60% compression. (B) Impact of compression on pAAm monolith compressive
strength. (C) Linear-velocity-backpressure curves for pAAm monoliths at different compression
percentages. Reproduced with permission [!7%1, 2009, Elsevier.
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AR \ \ |
Figure 8. SEM images of poly(acrylamlde co- allyl glyc1dyl ether) poly(AAm-AGE) monohths
with immobilized or embedded particles. (A) SEM image of pAAm-AGE monoliths with amino-
activated particles embedded during the cryogelation process. (B) SEM image of pAAm-AGE
monoliths with amino-activated particles immobilized post-cryogelation and recirculated for 24
hours. (C) SEM image of pAAm-AGE monoliths embedded with amino-activated particles. (D) SEM
image of pAAm-AGE monoliths embedded with epoxy-activated particles!!*4l,
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Figure 9. Whole blood applied to a protein A- poly (2-hydroxyethyl methacrylate) (A-PHEMA)
monolith over time. Image 1 is the monolith before whole blood application. Image 2-6 is the
monolith during whole blood application. Image 7 is the monolith after whole blood application.
Reproduced with permission [1%8], 2009, Elsevier.
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Figure 10. Anti-hepatitis B surface antibody (HBsAb)-imprinted composite cryogel. (A) Process
for the formation of composite HBsAb-imprinted membranes. (B) Examples of the composite
HBsAb-imprinted membranes. (C) The composite membranes are placed in plastic housing for
continuous operation. Reproduced with permission [2%4, 2012, Elsevier.
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Figure 11. Polyacrylamide (pAAm)-based cryogel platform for cell separation. (A) Process for
capturing hematopoietic stem cells from umbilical cord blood. IgG-labeled cells are introduced to a
protein A-cryogel monolith, followed by a buffer wash to remove unbound cells. Elution of the target
cells was achieved by mechanical squeezing; an alternative elution method is the introduction of
immunoglobulin solution. (B) Mechanical squeezing of the cryogel monolith to elute target cells. A
piston is used to compress the monolith 50%, eluting the liquid containing the target cells. Next,
removal of the piston and buffer is used to regenerate the cryogel monolith to its original, non-
compressed state. Reproduced with permission 2971, 2010, Springer Nature.
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Figure 12. Process for the fabrication of a molecularly-imprinted composite polyacrylamide
(PAAm) cryogel for the detection of human serum albumin (HSA. CS: chitosan; AM:
polyacrylamide; BAM: N, N’-methylenebisacrylamide: APS: ammonium peroxodisulfate; HSA:
human serum albumin; SDS: sodium dodecyl sulfate. Reproduced with permission 231, 2014, RSC.
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Figure 13. Efficient elution of bioparticles from cryogel-inserted columns. (A) Diagrammatic
representation of reversible compression process used for elution of captured bioparticles from

affinity cryogel column (B) Temporary physical distortion due to compression results in dislodging
of bound particles. Reproduced with permission 24°1, 2006, Elsevier.
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Figure 14. Combining bio-panning and selective bacteriophage multiplication inside cryogel

column. (A) Bio panning within column- phages are selectively captured when the phage library is

passed through the cryogel column containing covalently attached target protein (B) Phage

multiplication- to the cryogel column containing bound phages, bacterial host cells are introduced.

During the incubation, phages infect bacteria. These bound bacteria on elution, serve as reservoir of
phage particles. Reproduced under the terms of CC-BY 4.0 license .[2%¢], 2009, Noppe et al.
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Figure 15. Cryogel design for bone tissue engineering. (A) Structural components of a full bone
showing normal and fractured bone. (B) Effect of various fabricated cryogels on the viability of rabbit
adipose-derived stem cells (ADSCs). Confocal microscopic images of fluorescently labelled cells
confirm highly viable and well-spread ADSC cells 14 days after treatment with various cryogels. (C)
A representative ADSCs cryogel versus acellular cryogel prior to implantation for bone regeneration
of surgically-created critical cranial bone defect in a rabbit model (left) and representative image of
the created bone defect to investigate the capability of the various cryogels (gelatin-based) for bone
regeneration (right). Reproduced with permission (1% 2016, RSC.
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Figure 16. Cryogel design for cartilage tissue engineering. (A) Schematlc representatlon of cryogel
fabrication by free radical polymerization during cryogelation. (B) Mechanical properties of various
cryogels (Young’s modulus of acellular PEGDA, P-MeHA and P-MeCS) spread ADSCs cells 14
days after treatment with various cryogels. (C) Histological analysis of in vivo cellular response of
chondrocytes in the tested cryogels showing homogeneous distribution of morphologically round
cells within cryogel scaffolds (D, I-III) as well as the noticeable presence of proteoglycans (D, I-III)
indicative of cartilage formation. Reproduced with permission '], 2016, Elsevier.
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Figure 17. Microscale spherical cryogels characterization and cell growth. (A) SEM picture of
the dry cryogel (scale bar: 50 and 20pum). (B) CLSM fluorescence image of alexa 647-labeled
cryogels (red). (C) GDNF released from the cryogels at various concentration. (D—F) CLSM pictures
of GFP positive MSCs (D: green), or neurite projection from BIII tubulin stained PC12 cells (E and
F: green) cultured for seven days within cryogels (red).[6®]
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Figure 18. Urokinase production by a cryogel-based bioreactor. Schematic (I) and photograph
(IT) of the set-up. (A) HT1080 cells seeded in gelatin-pAAm cryogels column, (B) Cu(Il)-pAAm

cryogel column allowing capture of urokinase, and (C) medium reservoir coupled to a peristaltic
pump for a continuous flow rate (0.2 mL/min).[3%2]
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2D culture 3D scaffold-free spheroid 3D cryogel-based tumor model

Figure 19. Cell culture methods and characteristics of in vitro tumor models. (A) 2D culture
results in cells with flat and stretched morphology in a homogeneous population, protein expression
patterns that do not resemble in vivo expression and increased sensitivity to cancer drugs. (B) Cell
culture in 3D scaffold-free spheroids gives cells with a more natural cell shape, in a heterogeneous
spheroid, with protein expression that is more similar to in vivo expression, and gives more resistance
to cancer drugs. (C) Cell culture in cryogel-based tumor models provides a 3D culture system with
tunable ECM properties, a controlled cellular environment that is applicable to a wider range of cancer
cell types, and allows for straightforward standardization and high-throughput screening.
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Figure 20. Immunostimulatory cryogel. (A) GM-CSF release recruits dendritic cells into the
cryogel construct. Infiltrated dendritic cells take up tumor antigens and are activated with TLR
agonists. Activated, tumor antigen-presenting dendritic cells migrate to lymph nodes to activate
cancer-specific T cells. (B) Mesenchymal stromal cells are genetically engineered to release
therapeutic antibodies. After loading the cells within cryogels, immunotherapeutic antibody factories
are formed that allow survival and sustained release of bispecific antibodies that link T cells and
cancer cells to induce tumor cell killing.
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Figure 21. Different methods to control release of drugs and proteins from therapeutic cryogels.
(A) Cross-linking and porosity of cryogels is manipulated to allow for controlled release from cryogel
walls. (B) Polymers with specific drug interaction sites are mixed with the cryogels to slow down
drug release. (C) Heparin interacts with growth factors and can be incorporated to obtain sustained
growth factor release. (D) Incorporation of existing controlled release systems in cryogels. .
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Table 1. Classification of hydrogels.

Characteristics Variants
Physical Chemical
Cross-linker type = ==
Homopolymeric Copolymeric Multipolymeric
Polymer network type i1 r ﬁ ’
i
SRERIRY Al
Nonionic Cationic Anionic Zwitterionic
Polymer network N . +
h m M+ Il. F1-
sl H 1] ; | i
EER LT [i1 it
il ii =1 =k
Ui, i L bi:
b = =
++ o e
Crystalline Semicrystalline
B g e e
Polymer il E E E EE E
network HHHUE
configuration HEHITTE
None Microcomposite
Particle network type -H-4-H
(XX
aeaa
seee
Film Microsphere Matrix
Gel morphology
Microporous Mesoporous Macroporous Supermacroporous
Porosity
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Table 2. Modes of adjusting cryogel synthesis to customize cryogels.

Parameters Effects
Cross-link type and e Physical cross-links: yield gels with insufficiently
concentration large pores whose strength is inversely correlated

with thawing rate

e Chemical cross-links: yield gels with sufficiently large
pores despite their potential cytotoxicity

Cryogelation temperature e When increased: increased pore size and pore wall
thickness and density

Polymer molecular weight e When increased: increased gel stiffness

e When decreased: increased pore size

Cryo-concentration e When increased: increased elasticity

e When decreased: increased gelation time

Cooling rate e When increased: decreased pore size
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In this review, the versatility of cryogel materials for biomedical applications is presented. This
unique class of polymeric hydrogels possess a sponge-like morphology combined with remarkable
and tunable physicochemical properties. An extensive literature overview is covered on the latest
applications of cryogels including bioseparation, tissue engineering, drug delivery, and more recently
immunotherapy. Current challenges and future perspectives are also discussed.
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