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Abstract. Among various fabrication techniques to produce a porous scaffold, thermally-induced phase
separation at controlled cryogenic condition leads to the formation of a porous polymeric cryostructure alias
cryogel or cryomatrix. Cryostructurization is one of the simple and versatile methods of synthesizing a highly
porous and interconnected architecture. The process of cryostructurization is present in comparable fabrication approach of fabricating advanced porous biomaterials with precise control over multiple compositions
of precursor units, spatial distributions for accomplishing effective recapitulation of mechanical properties
and architectural accuracy at micron-scale with bioactive functionality. The cryogenically-structured polymeric scaffolds are of noteworthy fundamental and applied interest in multi-disciplinary areas of science and
showed promising matrices in various biotechnological and biomedical areas. The large interconnected pores
in cryogels open up a range of applications like the three-dimensional substrate for cell growth, bioreactor for
continuous production of scarce molecules, bio-processing and protein puriﬁcation, an adsorbent for environmental remediation, and biosensor fabrication. Over the past two decades, signiﬁcant attention to these
materials with rigorous expansion in their new designs, and remarkable growth in the number of the publications and patents on cryostructured porous materials has been noticed. This article is covering the progress
in cryostructurization technology in the last few decades with principles underlying the mechanism of
cryogelation, process optimization, and the recent trend in cryogel for biomedical and bioengineering
applications.
Keywords. Cryostructurization; cryogelation; cryogel; porous-biomaterials; polymer scaffolds.

1. Introduction
One of the most stimulating and gratifying areas of
advanced materials science research engrosses the
applications of biomaterials to biotechnology and
healthcare, especially to regenerative medicine. Since
one decade, the development of advanced functional
polymeric biomaterials and their application to biomedicine have dramatically improved due to their
tremendously important functional features. In addition, various medical devices and diagnostic products
that employ biomaterials are currently being used and
are performing well in various clinical practices. The
demand in the biomaterials’ market is growing rapidly
due to the advancement into instrumentation and
miniaturization technologies. A recent press report
*For correspondence

released by Markets and Markets studies on the global
biomaterials market has forecast the growth of biomaterials market which is poised to reach USD 149.17
billion by 2021 from USD 70.90 billion in 2016, at a
CAGR of 16.0% from 2016 to 2021.1 According to the
report, increasing disease incidence, higher demand
for prosthetics and other implantable devices, technological advancements, and raising awareness on
tissue engineering are the driving factors of biomaterials market growth. Despite biomedical applications,
polymeric biomaterials have gained increasing interest
in various bioengineering applications due to natural
inheritance and acceptance, low toxicity, and simple
disposal procedures. Biomaterials are being investigated to produce economically viable and disposable
bioreactors for continuous production and separation
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Figure 1. A trend in cryogel research in the past two decades (A) and publication based on its types i.e., polymeric
cryogels, composite cryogels and hybrid cryogels (B). (*Data for the year 2019 is given as per the record of Science-Direct
accessed on 27 March 2019).

of industrially important molecules, and also for the
ﬁltration matrices. With the advent of novel technologies and new application-oriented research, there
has been a need for developing new interdisciplinary
research on polymers, materials, and processes to put
the novel knowledge into biological applications.
In biomedical applications, the classiﬁed types of
biomaterials (like metallic, ceramic, polymers, natural) require special porous architecture with precise
physicochemical features to integrate into the biological systems and also to support the biological function. However, the absence of interconnected porosity
and elastic properties have undermined the potential
utilization of hydrogel systems in many biotechnological and bioengineering applications. The interconnectivity between pores and homogeneous pore
distribution in biomaterials plays a key role in their
performances, especially for cell mobility for functional tissue reconstruction, high-throughput applications, mass ﬂow, and bioreactors designing, etc.
Therefore, a wide range of fabrication approaches has
been exploited to generate the required porosity in the
biomaterials.2 Among many novel compositions and
designing approaches of biomaterials, porous polymeric biomaterials is an important class which has
attracted increasing interest as a carrier of chromatography, protein synthesis, drug delivery, tissue
engineering and others due to their unique interconnected porous property. The introduction of the
interconnected porous network in a polymer system
can be governed by the use of a porogen material that
either disrupts the polymer network or gets entrapped
in the polymer system during the gel formation and is
later removed without affecting the structural architecture. The cryostructuring approach of producing

supermacroporous hydrogels at subzero temperature is
known as cryogelation, and the produced gel is coined
‘cryogel’ or ‘cryomatrix.’3,4
Recent statistics show that the trend in cryogel
research is paving the way for improving current
practices in biomedical and bioengineering ﬁelds.
There were around 2043 articles found on ‘ScienceDirect’ that included the keyword ‘Cryogel,’ out of
that 1890 articles published from 2000 to 2019, which
suggest that interest is increasing in cryogel research
around the globe for advanced multidisciplinary
applications (Figure 1a). Moreover, an increasing
trend has also been monitored in the cryogel publications based on its composition, wherein polymeric
cryogel has major contribution followed by its composite and hybrid preparations (Figure 1b).
Varieties of cryogel compositions have been fabricated and examined for various applications since it
has been evolved as one of the potential porous
material. At the beginning of cryogel research, it has
been explored majorly for bioprocessing and environmental applications (like separation, puriﬁcation,
and remediation). However, in the last one decade it
has shown potential applications in biomedical ﬁeld
majorly tissue-engineering, drug delivery and sensor
applications (Figure 2).
2. Thermally induced phase separation (TIPS)
Thermally-induced phase separation (TIPS) is a process that
involves the de-mixing of a polymer solution by changing
the temperature. This induces the separation of polymer
phase to the solvent phase, however, the rate of separation
completely depends upon the cooling temperature, molecular weight and freezing point of polymer precursors and
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Figure 2. Major application areas and their per cent
contribution in cryogel research in the last two decades.
viscosity of the solution. The greater leeway of this
approach is to obtain well-interconnected pores within the
polymer network. Interestingly, the porosity, pore diameter,
and its size can be modulated during synthesis by changing
the preparatory parameters, wherein temperature plays a
critical role. For example, when a polymeric aqueous
solution starts getting a temperature effect by changing its
temperature from high to low, a process of nucleation
occurs in the metastable region of a solution. If the process
of nucleation is slow (i.e., system temperature is close to the
solution freezing temperature), the growth of water crystals
(porogen) will increase that result in large interconnected
pores will be obtained in the scaffold. Besides, quick
nucleation (i.e., a larger gap between freezing temperature
of system and solution) causes small water crystals growth
during the process of polymer phase separation and gelations resulting in small interconnected pores developments
in the scaffold. By utilizing the advantage of TIPS, a gradient porosity can be achieved in a polymer system by
treating it at gradient temperature, which is easy to tune and
a single step process.

3. Cryogel: the origin
The meaning of words ‘cryogels’ or ‘cryostructures’
that include the syllable ‘cryo’ (from the Greek j$t9 o1
(kryos) meaning frost) rather explains itself as the
polymer gels and 3-D structures formed by means of
the cryogenic process. In this context, cryogels are gel
systems that develop in moderately frozen solutions of
precursor’s entities potentially capable of gelling by
thermally induced phase separation.4
In a series of fabricating and inventing advanced
three-dimensional porous polymeric systems with
suitable applicability, cryostructurization has been
evolved as a promising technology. In the early 1970s, it
is known that cryogenic treatment (involves the process
of freezing followed by frozen incubation and lastly
thawing) of a concentrated aqueous solution of precursors produces a viscoelastic porous gel, so-called
Cryogel. Although, freeze-thaw based gelation process
was empirically observed long before. Cryogels gained
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importance in the early 1980s when Lozinsky and his
co-workers at the Institute of Organo-Element Compounds, Russian Academy of Sciences (INEOS RAS),
Moskva, Russia performed dedicated research on the
process of cryogelation.5 Their initial studies were
focused on understanding the mechanism of cryostructurization of polymeric systems to produce cryogel and
characterizing the macroporous architecture of these
cryogels for understanding the effect of crosslinking at
sub-zero temperature, the effect of different solvent
systems, and also the role of precursor concentration in
obtaining a suitable porosity in the cryogel. Porous
hydrogels can be classiﬁed on the basis of the following;
A) On the basis of appearance
1.
2.
3.
4.

Monoliths
Discs
Sheets
Beads/Granules

B) On the basis of preparation methods
1. Aerogel
2. Xerogel
3. Cryogel
C) On the basis of chemical structure
1. Polymeric
2. Hybrid
3. Composite
D) On the basis of polymer distribution in the gel
1. Mixed
2. Intercalated
E) On the basis of pore distribution
1. Microporous
2. Mesoporous
3. Macroporous

4. Process of cryostructurization
In the process of cryostructurization (Figure 3), the
monomers, oligomers and/or polymer precursors are
ﬁrst dissolved in a suitable solvent such as water and
dimethyl sulphoxide. The addition of crosslinker is
case sensitive, depending on the requirement of
interchain bonding within polymeric 3D network
based on available reactive functional groups. Freezing of the dissolved precursor or colloidal dispersion
below the crystallization point of solvent will form the
solid crystals of solvent. The mechanism behind the
formation of cryogels is thermally-induced phase

92

Page 4 of 11

J. Chem. Sci. (2019)131:92

Figure 3. A schematic representation shows the process of cryostructurization of polymeric systems to produce porous
cryogels after thawing of the frozen polymer system at room temperature.

separation (TIPS) that occurs when the solvent freezes
below the crystallization point of the solvent and two
phases are formed which are frozen solvent crystals
and unfrozen liquid microphase (UFLMP). During the
freezing period, solvent crystals keep growing around
the UFLMP until they meet and form a continuous
network of solvent crystals while polymerization
reaction continues in UFLMP. These interconnected
solvent crystals act as a porogen while the cryo-concentrated material in UFLMP results in the formation
of pore wall in the cryogel. After the completion of the
reaction, these gels are thawed at room temperature so
that ice porogen will leave and form a web-like
interconnected structure. One can ﬁnd some similarity
between cryogels and gels synthesized by freeze-drying. However, the principle difference in freeze-drying
(lyophilization) and freeze-thawing (cryogelation) is
the process of porogen elimination or dehydration of
the polymer network. In freeze-drying, removal of the
solvent is performed by the process of sublimation,
wherein frozen solvent crystals are directly converted
into gas at cryo-temperature (T C -50 °C) that leads
to the formation of pores. In contrast, freeze-thawing
involves the thawing of frozen crystals at room temperature (T = RT). However, a marked difference lies
in the synthesis procedure and the gel formation does
not take place due to the UFLM or the cryoconcentration but instead takes place normally like in other
systems described elsewhere.6,7 Since a majority of
their structure contains water or another solvent, the
system still can be frozen and sublimed to form a
porous structure. Unlike cryogelation, most
lyophilization processes are completed over a period
of desorption drying, which takes a long time and
confers complications in the process of handling and
energy consumption.
Cryogels form a highly porous interconnected architecture by the process of cryostructurization but their

structural stability deﬁned by the nature of interaction
between the polymer chains. Therefore, types of
crosslinking play an important role in stabilizing the
porous cryostructures which can be a physical or a
chemical cross-linking of polymer chains. Gelation under
cryo-condition that involves physical-crosslinking via
hydrogen bond formation between the hydroxyl and
carboxyl moieties of polymer chains.8,9 It has been
observed that physically crosslinked cryogels present
increased physicochemical and mechanical stability.10,11
Physical crosslinking provides an advantage that it does
not involve the use of unwanted toxic crosslinking agents
which can affect later application if its residual impurities
remain intact in the polymer network. Studies have been
conducted on various polymers like agarose, alginate,
polyvinyl alcohol (PVA), gelatin, and their composites
These
like
PVA-gelatin,
alginate-gelatin.12–16
cryostructures have majorly been explored in the
immobilization and bioprocessing application.17
Besides this, chemically crosslinked cryostructures
can be produced by chemical-induced crosslinking of
functional groups and also lead a polymerization process.
A common type of chemical crosslinking involves freeradical polymerization of monomers. However, proteins
and polysaccharides get crosslinked via peptide bonding,
Schiff base formation, Michael-addition reaction. These
bonds have higher bond energy, and therefore, provide
better stability compared to non-crosslinked and physically crosslinked polymer structures.18–20 Table 1 presents a list of crosslinked cryogels using different
polymer precursors and mode of crosslinking.

5. Morphology and other properties of cryogels
Structurally, cryogel is a highly porous polymeric
network having interconnected pores, which can be
examined by different microscopic tools like light

Afﬁnity column for capturing biomolecules, Stimuli responsive electrical device,
tissue engineering scaffolds, drug delivery vehicle
Biomedical applications, cell culturing, cartilage tissue-engineering
Production of 3-ﬂuoro-L-tyrosine, Detection of glucose, Capture of metalloenzyme
(HRP), Remediation of diesel contaminants, Production and isolation of urokinase,
Vascular tissue engineering, pH-responsive drug carriers, antibacterial biomaterials
for wound healing
Perfusion bioreactor
Self-oscillating hydrogels for pacemakers, self-walking microactuators, and
oscillatory drug release systems.
Cell-culture scaffold, Skin tissue-engineering, Neural tissue-engineering, bone tissueengineering

Cell-culture scaffold, cartilage tissue-engineering; liver tissue-engineering; biobutanol production, mosquitocidal formulation, uranium remediation

Tissue-engineering scaffold, Neural regeneration
Bioremediation, Glucose biosensor, tissue-engineering, immobilizing matrix,

MBAAm/GA

MBAAm/PEGDA/GA

Physical gelation/GA

MBAAm/GA
MBAAm

Physical gelation/GA/
oxidized dextran

Physical gelation/
GA/EDC-NHS

GA/oxidized dextran

Physical gelation/ CaCl2/
GA/EDC-NHS
EGDE

Bone scaffold material

Chromatography columns, Bioseparation, Puriﬁcation, Perfusion Bioreactor, Melanin
nanoparticles production

Applications

MBAAm/GA

Cross-linker

57

21,55,56

52–54

4,6,22–27

48–51

47

33

1,39–46

37,38

34–36

19,28,31–33
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Methylene bis acrylamide (MBAAm), Polyacrylamide (pAAm), allyl glycidyl ether (AGE), Glutaraldehyde (GA), Polyacrylonitrile (PAN), polyvinyl alcohol (PVA),
2-hydroxyethyl methacrylate (HEMA), Poly(N-isopropylacrylamide) (pNIPAAm), poly(acrylic acid) (PAAc), polypyrrole (PPy), vinylimidazole (VI), ethylene glycol
diglycidyl ether (EGDE), Dimethylacrylamide (DMAA), Polyester (PES), Horseradish peroxidise (HRP).

Gelatin,
Gelatin-Fibrinogen,
Gelatin-Hyaluronic
Acid-Alginate,
Gelatin-Laminin
Agarose,
Agarose-Alginate,
Agarose-Alginate-Magnetite,
Agarose-Alginate-silica,
Agarose-Gelatin,
Agarose-Chitosan
Chitosan,
Chitosan-Gelatin,
Chitosan-Gelatin-PPy
Alginate,
Alginate-Gelatin
Silk

pAAm,
pAAm-co-AGE,
pAAm-Gelatin,
pAAm-Chitosan
pNIPAAm,
pNIPAAm-PPy,
pNIPAAm-co-VI,
pNIPAAm-Chitosan
HEMA,
HEMA-DMAA,
HEMA-Gelatin
PVA,
PVA-Microorganism,
PVA-PES,
PVA-Gelatin,
PVA-Chitosan
PAN
pAAC

Cryogels

Table 1. List of different natural and synthetic cryogels, mechanism of crosslinking and applications.
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microscopy, scanning and transmission electron
microscopy. In addition, the size of pores, its distribution, and total porosity of cryogel can be conﬁrmed
by mercury intrusion porosity analysis and microcomputed tomography. Our initial experiments support the authenticity of the principle of cryostructurization by monitoring the pores ranging from a few
microns up to hundreds of microns and proved the
heterogeneity in the cryostructures.4,6,21 The experimental details concluded with some interesting ﬁndings like an effect of the temperature regime during
freezing and defreezing of the polymeric structure, the
effect of precursor’s concentration and type of crosslinker on crosslinking, and so on.21 According to the
IUPAC nomenclature, the width of pores \2 nm are
classiﬁed as ‘micropores,’ and pores which are
[50 nm are deﬁned as ‘macroporous.’ Considering
this, the pores above this range are generally referred
to as ‘supermacroporous.’ This is why, cryomatrices
are sometimes also referred as supermacroporous
polymeric systems, although, it is worth noting that the
term ‘supermacroporous’ is not described ofﬁcially in
IUPAC.
Cryogel synthesis has been evolved over a period of
time to produce them in various shapes and sizes.6
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Production of a continuous structure of very large
shape by this process is practically impossible and
there is limited control on the morphology of the
structure. The process of solvent removal from cryogels is much simpler and does not require lyophilization every time, which introduces further simplicity to
the cryogelation system and imparts ease to the user
during fabrication.
The physicochemical and mechanical properties of
the cryogels are depending upon the polymer/precursor concentration, porosity and pores heterogeneity. In
many applications where the ﬂow of large mass is a
desirable feature in a porous scaffold, the availability
of large interconnected pores needs to be conﬁrmed
before application by performing simple swelling and
permeability analysis. Several studies have shown
quick swelling and high permeability in cryomatrices,6,22,23 which was found to be suitable for mammalian cell mobility and ingrowth for functional tissue
genesis,4,24 controlled release,22 adsorption,23,25,26
solvent production,27 and separation applications.28
Additionally, cryogels have also been fabricated with
variable viscoelastic properties and also low mechanical strength to high mechanical strength for a variety
of applications. For example, addressing the cartilage

Figure 4. Elastic behavior of gels synthesized by cryostructurization i.e., cryogel (A), and room temperature synthesized
hydrogel (A). Under stress, hydrogel compressed up to 50% (B) and above this, it showed permanent fracture (C). However,
hydrated cryogel (A*) compressed up to 80% of its original length (B*) and returned to its original length upon relaxation
(C*) shows its high elasticity. (Note: for the synthesis of gels all the parameters were remained constant except temperature,
which was -14 °C for cryogel and 25 °C for hydrogel).
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structures either before or after its synthesis. In conclusion, highly interconnected porous cryogel architectures have greater leeway to modulate its
physicochemical and mechanical properties for the
delivery of multi-functional scaffolds.

6. Applications of cryogels

Figure 5. Shape-memory property of cryostructured porous polymeric matrix.

tissue regeneration and mimicking native cartilage
structure-functions, gelatin-agarose cryogel with gradient porosity4 and gelatin-agarsoe-chitosan cryogel
with high mechanical strength have been fabricated. It
has been demonstrated that the mechanical property of
cryogels can range from a few kilopascals (very soft
cryomatrix) to several megapascals (very tough),
which is depending on the type of application.4,6 One
of the very simple ways to observe the elastic nature of
hydrogel is to perform a manual stress-strain experiment, wherein the elastic cryogel remain unaffected
upon compression but classical type of hydrogel
deformed (Figure 4).
Additionally, inherited elastic nature of polymer
along with cryostructurization process generates a
shape-memory elastic cryogels (Figure 5). Besides
these properties, surface topography is one of the
important aspects to be precisely developed in any
cryogel scaffolds for either the binding of a speciﬁc
molecule or for the separation application. Such
ligand-speciﬁc pore surfaces in cryogel have shown its
potential thus explored by researchers as a versatile
tool for translation application. There are several other
features that can be introduced in the cryogel

The best-known information from the available published literature, the ﬁrst few applications of cryogels
were demonstrated in the ﬁeld of immobilization of
bacterial cells and enzymes onto the polymeric cryogel
matrices. Now the advancement in the cryostructurization process has reached a new level. A recent study
demonstrated the designing of a 3D porous bacterial
cryo-sponge in a one-step process using single or
multiple bacterial strains (Figure 6). This bacterial
cryomatrix is presenting a novel approach of producing bioreactors with a high number of viable immobilised bacteria with a controlled 3D structure that has
good mechanical stability, and cell viability that
enables its reusable potential for various environmental, biotechnological, biological applications.29
Cryogels gained popularity in the 1990s when different groups around the world started exploiting the
physicochemical properties of these supermacroporous
materials for fundamental understanding in variety of
applications. Since then, application-speciﬁc macroporous cryogels have been designed and applied
extensively in various biotechnological and biomedical areas. Due to the simple fabrication procedure,
unique and tunable physicochemical properties, large
interconnected pores, use of aqueous non-toxic porogen, cryogels attract researchers from interdisciplinary
ﬁelds. Because of this, cryogels were commercially
developed for addressing bioseparation challenges.
Cryogels have been successfully demonstrated its
various applications.30,31 Our group is doing research
on cryogels from more than a decade to explore the
fundamental knowledge and translate it for sustainable
applications. We have successfully developed various
novel cryostructures using various synthetic and natural polymer procures and engineered them with
suitable topography and design for improving the
application potential. In particular, cryogels based on
natural polymers such as alginate, collagen, gelatin,
agarose, chitosan, etc.,4, 6, 21–28 have been investigated
for various biological and biomedical applications
because of their good biocompatibility, biodegradability, low toxicity, and other key advantages. Since
the past one decade, this class of macroporous scaffolds have drawn great attention in the ﬁeld of
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Figure 6. Schematic representation of bacterial cell immobilisation via (a) entrapment, (b) formation of bioﬁlm on porous
matrix, and (c) cryostructurization of bacterial cells to generate bacterial cryo-sponge, which shows their beneﬁts and
limitations. (Reproduced from RSC Adv. 2018 8 30813 published by The Royal Society of Chemistry).

biomaterials for biomedical applications as an excellent substitute for 3D tissue constructs, wherein the
growth of mammalian cells, either single types of cells
or co-culturing of different cells have been demonstrated successfully (Figure 7).
Additionally, due to the shape-memory properties,
some speciﬁc class of cryogels has the capacity to carry
biofunctional molecules like cells and drugs with an
injectable application for targeted delivery in regeneration therapy or immune-modulation. Several international research groups have successfully demonstrated
the use of porous cryogels in the development of
in vitro neo-tissues, bio-fuel production, bio-molecules
imprinting and separation, remediation, ﬂoating
mosquitocidal formulations, nanoparticles production,
biosensors, etc. (Table 1), which presents them foundational framework as a new generation biomaterial in
various biomedical and bioengineering applications.

Figure 7. Cryomatrix used for the growth of hepatocyte
cells for functional liver-like tissue functions.

7. Conclusions
Cryogels have been fabricated in various shapes, sizes
with distinct physicochemical properties for speciﬁc
applications ranging from separation, delivery, tissueengineering, sensors, immobilizing bioreactors etc., as
discussed in this article. However, despite various
technological advancements, a gap remains unﬁlled
for broader translation of cryostructurized scaffolds for
sustainable biological applications. For example,
scaling-up of porous cryostructures without affecting
their porous property is still a key area of research for
advancing this ﬁeld. Similarly, the effect of different
three-dimensional microenvironment of pore-surfaces
of the cryomatrices plays a crucial role in developing
functional tissues and immunological understanding
need to be addressed fundamentally for designing
clinically-safe porous substrates. Research on interrelations between the structures of parent and resulting
gels depending on regimes of the freeze-drying represents signiﬁcant opportunities to be carried out as
one of the future studies. Future work should demonstrate the potential of cryogel in scaling up the production process of industrially important molecules.
Furthermore, advanced modiﬁcation approaches can
be introduced to tether the complex arrangement of
multiple functional groups that can mimic the natural
functionality for its use as a three-dimensional tissueengineered scaffolds. Such topographical modulation
may closely mimic the tissue microenvironment and
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may assist in encouraging regeneration. Unlike the
traditional designs of cryogels, its shape-memory
property is advantageous and requires further exploration in biomedical applications. Cryostructurization
of polymer systems has demonstrated ultimate use of
cryostructures that are undoubtedly an advantageous
scaffolding substrate for the use in a growing list of
applications. After extensive scrutiny on its basic and
applied behavior, cryostructures entail further consideration for its commercial delivery.
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