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Ö Z

Kriyojeller, yarı donmuş koşullar altında sentezlenen birbirine bağlı makro gözenekli malzemelerdir. Birçok araştırma 
alanında çeşitli uygulamalar bulabilen kriyojeller saf polimerik veya kompozit olarak üretilebilirler. Biyouyumluluk, 

fiziksel direnç ve hassasiyet gibi kompozit kriyojelerin mükemmel özellikleri, onları biyomedikal uygulamalar için son 
derece uygun kılar. Genellikle biyomedikal araştırma alanındaki terapötik, teşhis ve farmasötik uygulamalarda yer alırlar. Bu 
derleme, özellikle doku mühendisliği, ilaç salınım sistemleri ve protein teşhisi alanındaki kompozit kriyojellerin biyomedikal 
uygulamalarına odaklanmaktadır.

Anahtar Kelimeler 
Kriyojeller, kompozit kriyojeller, biyomedikal uygulamalar.

A B S T R A C T

Cryogels are interconnected macroporous materials, which are synthesized under semi-frozen conditions. They can 
be either produced as pure polymeric or composite, that can find a variety of applications in several research field. 

The excellent features of composite cryogels such as, biocompatibility, physical resistance and sensitivity, making them 
extremely suitable for biomedical applications. They commonly take place in therapeutic, diagnostic and pharmaceutical 
applications in the field of biomedical research. This review focuses on the biomedical applications of composite cryogels, 
particularly in the field of tissue engineering, drug delivery systems and protein diagnosis.
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1. INTRODUCTION

Macroporous cryogels are hydrogel-based matri-
ces that have interconnected macropores. They 

are formed in moderately frozen solutions of monome-
ric and polymeric precursors. The use of cryogels is of 
great importance in biomedical applications because of 
their biocompatibility, chemical and physical resistance 
and sensitivity. 

There are several cryogel investigations in literatu-
re, especially in their structural characterization [1-3]. 
Cryogels have also found a wide range of applications 
in biomedical research, including regenerative medici-
ne, tissue engineering, drug delivery systems (DDS) and 
protein recognition within cells, since they can swell 
and allow liquid exchange in their macroporous struc-
ture. Tissue engineering is the second most widely re-
searched application field with more than 20% of total 
biomedical applications [4]. Particularly, biodegradable 
cryogels are widely used in tissue engineering as scaf-
folds for regenerating human tissues due to their struc-
tural similarity to the natural extracellular matrices 
(ECMs) in the body. Owing to their feasible application 
in DDS, the use of cryogels have gradually increased 
among the other type of materials. They have been 
extensively considered in sustained and controlled re-
lease devices for the delivery of water-soluble bioacti-
ve molecules as drugs with their high biocompatibility 
[5]. Moreover, recognition of biomacromolecules from 

their sources including blood, cells, and tissue, has be-
come attractive for protein purification and separation 
methods. More recently, physical properties and the 
potential use of cryogels are reviewed comprehensively 
in biomedical applications [6]. 

In this extent, composite cryogels are introduced and 
recent applications are reviewed in the field of biome-
dical research, particularly in tissue engineering, drug 
delivery and protein recognition systems. 

2. Significance of Composite Cryogels in Biomedical 
Applications
Cryogels play an important role in biomedical applica-
tions due to their biocompatibility, physical resistance 
and sensitivity (Figure 1). In some cases, the surface 
area of cryogels can be improved particularly in control-
led release systems and separation processes. Therefo-
re, particle embedding would be a useful improvement 
mode to use in the preparation of novel composite 
cryogels for increasing surface area [7]. This approach 
makes use of a combinatorial selection strategy to en-
hance adsorption and binding capacity. The advantage 
of the particle loaded cryogel adsorbents over packed 
bed systems and chemically functionalized cryogel ad-
sorbents for protein applications are the combination 
of both high flow rate and high binding capacity. This 
originates from the fact that macroporous cryogels, 
when compared with chromatographic beads, have a 
very low flow resistance. The big pores in the cryogel 

Figure 1. The application fields of supermacroporous cryogels.
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structure ensure convective transport of the target mo-
lecules to the active binding sites located on the surface 
of the embedded surface imprinted particles. Meanw-
hile, the use of small particles creates a high adsorption/
affinity area per unit of column volume due to the inc-
reased surface area. In addition, the embedding of sur-
face imprinted particles in a macroporous matrix makes 
the column insensitive for possible particle deformati-
on. In literature, in order to improve the functionality of 
adsorbents, nano-sized or micro-sized particles bearing 
different properties can be embedded or incorporated 
into monolith cryogel matrices to form composite cryo-
gels [8]. These new cryogels are always produced by the 
mixing of micro particles with gel precursors followed 
by freezing the system at subzero temperatures [ 9,10].

3. Applications
3.1. Tissue Engineering
The tissue engineering have gained considerable attention 
in practice, by the way, exploration and development of 
new and effective materials are the subjects of extensive 
research areas in recent scientific progress [11]. Cryogels 
have taken part in tissue engineering as a novel approach 
offering attractive prospects in several fields including 
biomedicine and biodegradable polymers [12, 13]. These 
matrices could be identified as carriers for different kinds 
of molecules and cells. In addition, they have been effici-
ent potentials as chromatographic supports for cell sepa-
rations and cell culture [14]. In other words, cryogels have 
been existed as desirable polymeric gel structures due to 
their three-dimensional elastic sponge-like networks with 
their open porous structures and unique mechanical fea-
tures [11]. Cryogels have the ability to mimic the three-di-
mensional structures of extracellular matrix (ECM) which 
is a major component of cells and network of some mo-
lecules including polymerized proteins such as collagen, 
laminin and elastin [15]. ECM has particular functionaliti-
es such as generating structural support, organizing the 
communications between cells, providing stability, in this 
respect, supervising cell proliferation and controlling cell 
differentiation.

In addition, ECM proteins have substantial, complex and 
key roles in conducting properly coordinated cellular ac-
tivities via promoting signaling pathways and regulating 
matrix reconstitution [11].

In tissue engineering, scaffolds have been introduced as 
functional and attractive materials with the capability of 
behaving as artificial ECM. Scaffolds have met the require-

ments with some advantages such as being biocompatible 
for enabling cell attachment and movement, biodegra-
dable for facilitating cells to form their own ECM. Further-
more, desirable scaffolds should have strong mechanical 
character to perform presentable surgical operations and 
well-matched structure to fabricate effective implanted 
tissue-engineered constructs [16]. Moreover, large-poro-
us constructions of scaffolds supply cellular nutrients and 
eliminate waste products from scaffolds. It is noteworthy 
to say that there have been widespread applications of 
scaffolds in the field of tissue/organ regeneration, therefo-
re, regenerative medicine has recently begun to gain more 
interest over time [14].

In literature, it has been indicated that scaffolds have been 
used in airway, bladder, bone, skin, tendon, ligament, kid-
ney, liver, intestine, pancreas, nerve, esophagus, valve, and 
heart muscle, cartilage regeneration [11]. Recent publica-
tions have reported different potential use of scaffolds as 
microbeads, cryogels, hydrogels, ceramics and nanofibers 
[14]. Among these, cryogels have long been considered as 
promising materials with their high potential in the rege-
neration of tissue [17]. Characterized hydrophilic property 
of cryogel enables to absorb a large amount of tissue fluids 
and accordingly, they have superior features over other 
polymeric materials due to their swelling property and 
elastic biocompatibility. In addition, gel matrix structure 
of cryogels with interconnected macropores enables cell 
penetration, contact and migration keeping both chemi-
cal and mechanical stability [14]. The preclinical and cli-
nical attempts were made in the applications of cryogels 
as scaffolds in tissue engineering [18]. In other respects, 
cryogels have also some limitations along with their uni-
que characteristics. They have a low surface area in com-
parison with other polymeric materials such as micro- and 
nanoparticles. For this reason, cryogels have low ligand 
binding capacity leading also low target adsorption capa-
city. Improvement of composite cryogels could deal with 
this major challenge. Composite cryogels can be synthe-
sized by one-step polymerization either from monomer/
polymer solutions or particle suspensions under cryotro-
pic conditions. Embedding particles inside cryogels offer 
an advance manner to enhance specific surface area and 
increase binding capacity of cryogels. Contribution of the 
porous matrix and selective capturing ability of the adsor-
bents embedded inside the matrix support to create indi-
vidual combinations which are favorable for binding target 
molecules/cells [19].



S. Akgönüllü et al. / Hacettepe J. Biol. & Chem., 2020, 48 (2), 99-118102

Natural and/or synthetic polymers have been extensi-
vely examined to fabricate advanced scaffolds as me-
dical devices. Naturally, derived polymers are of great 
importance in creating biomedical materials due to the-
ir safe biocompatibility. Chitosan, agarose, hyaluronic 
acid, gelatin, collagen, alginate, and silk could be given 
as examples for natural polymers. In addition, these 
polymers also regulate cellular interactions with mini-
mal immune response and low toxicity. On the other 
side, among the typical adsorbents, synthetic polymers 
have been used to emerge desirable features and ob-

tain manageable activity in tissue engineering. Poly-
glycolic acid, poly-vinylalcohol, poly-l-lactic acid, poly-
caprolactone, poly-orthoester have been preferred to 
apply as synthetic polymers [19]. Nevertheless, utilizati-
on of these polymers poses a challenge from the stand-
point of injection and in the meantime bringing along 
serious infections. Besides natural and synthetic poly-
mers, polymeric scaffolds and composites have been 
used for the preparation of cryogels which are planned 
to apply for tissue engineering [14]. In the rest of this 
section, recent approaches in the creation of composite 

Figure 2. Scanning electron microscopic analysis at different magnifications (a–d) depicting large number of calcium-phosphate like 
deposits formed on the surface of PTAC bio-composite cryogels through osteoblastic activity after 24 days of culture. 
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cryogels and their applications in tissue engineering are 
concisely clarified.

3.1.1. Applications

Preparation of well-designed and relevant biomimetic ad-
sorbents revealed from natural compositions of elastic (eg. 
skin), hard (eg. bone) and flexible connective (eg. cartilage) 
tissues have been still a challenge in the course of time. 
Composite cryogels have been applied for confronting al-
terations of cell actions and induction of molecule genera-
tion. In this respect, there have been several publications 
emphasizing biomedical applications of composite cryo-
gels in tissue engineering [12].

Mishra et al. prepared a bio-composite cryogel by the 
incorporation of polyallylamine plasma on the poly-
vinylalcohol-tetraethyl orthosilicate-alginate-calcium oxi-
de (PTAC). They examined the effect of plasma polymeri-
zation on physico-chemical and biological functionality to 
modify bone regeneration potential of human osteoblast 
cells. Figure 2 shows that high proliferation rate of calci-
um-phosphate like deposits was observed on the PTAC bi-
ocomposite cryogels with an osteoblastic property at the 
end of 24 days. Moreover, alizarin red S staining was per-
formed for verification of the presence of calcium-phosp-
hate like deposits in the polymeric structure. As it can be 
seen from Figure 3, obvious color difference attracts the 
attention between coated and uncoated matrices. The ob-
tained results showed that human osteoblasts show hig-
her alkaline phosphatase formation and indicated delayed 
maturation/mineralization on plasma coated cryogels. It is 
considered that delayed mineralization of cells serves be-
nefit in terms of seeding biomaterials with cells [20]. 

These results were further confirmed by electron dis-
persive X-ray spectroscopic analysis showing calcium 
phosphorus and oxygen peaks (reproduced from (10) 
with permission).

In another study, chitosan-agarose-gelatine (CAG) cryo-
gels were synthesized with highly soft well porous and 
mechanical structure for cartilage tissue engineering 
applications. Chitosan and gelatin could maintain bin-
ding regions to cells with the advantage of their biocom-
patible properties. Agarose ensures elasticity to the gel 
matrices and stimulates the regeneration of soft carti-
lage tissue. These cryogels exhibited good cell growth 
and proliferation of primary goat chondrocytes. In vivo 
biocompatibility of them was verified with implantati-
on analysis of the scaffolds. These results suggest the 
potential of CAG cryogels as a good three-dimensional 
scaffold for cartilage tissue engineering [18]. The other 
study of this research group was further aimed to reve-
al the ability of CAG cryogels in the production of neo-
cartilage under in vitro conditions. In addition, in vivo 
experiments were performed with mice tissues and the 
potential usage of prepared cryogels were confirmed in 
the improvement of cartilage lesions [21].

Gupta et al. was used CAG cryogel scaffold once again 
to treat subchondral cartilage damages and bone de-
fects in white rabbits. The treated cartilage was well 
regenerated and immunohistochemical experiments 
indicated that regenerated part of the cartilage tissue 
imitated native cartilage tissue without any immune re-
jection [22].

Figure 3. Alizarin red S staining of coated (a) and uncoated (b) PTAC bio-composite cryogels after 24 days of cell seeding (reproduced 
from (10) with permission).
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Mishra et al. was generated (PTAC) bio-composite cryo-
gels for the repair of critical-sized cranial bone defects 
in Wistar rats. The obtained results were demonstrated 
the applicability of cryogels in bone regeneration and 
even osteoblastic differentiation [23].

In a study conducted by Salgado et al. collagen/nano 
hydroxyapatite cryogels were prepared to investigate 
in vitro biodegradation of human bone marrow stromal 
cells and differentiation of these cells into osteoblas-
tic phenotype. Optimization experiments showed that 
composite cryogel having highest nanohydroxyapatite 
indicated highest mechanical resistance with enabling 
functional cell ingrowth. In vivo analysis performed 
with rats to examine subcutaneous and bone implan-
tation. As a result of this study, it can be concluded that 
composite collagen/nano hydroxyapatite cryogels are 
promising materials for bone defects promoting eno-
ugh osteo-conductivity [24].

Suner et al. synthesized a composite cryogel prepared 
by the combination of hyaluronic acid and halloysite 
nanotubes having mechanical strength and biocompa-
tibility. Applications of these cryogels as scaffolds were 
carried out with various cells. Incorporation of halloysi-
te nanotubes into hyaluronic acid resulted in a dramatic 
increase in bone density. In conclusion, these compo-
site cryogels have been presented as unique scaffolds 
in the proliferation of rat mesenchymal stem cells, hu-

man cervical carcinoma cells and human colon cancer 
cells. The most remarkable point is that using a high 
concentration of halloysite nanotubes embedded into 
hyaluronic acid cryogels have given rise to an increase 
of mesenchymal stem cells growth [25].

In another study, a composite cryogel was prepared 
with incorporation of hydroxyapatite in the forms of 
bone-char, bio-glass, and nano-hydroxyapatite into chi-
tosan-gelatin cryogels to determine their characteris-
tics and also interpret their potentials on mineralization. 
Consequently, chitosan-gelatin cryogels including bone 
char showed biocompatibility, beneficent cell adheren-
ce and high mineralization. Bone char usage has been 
proven as a cost-effective and viable source for bone 
tissue repair and these features make these composite 
cryogels applicable in tissue engineering [26].

Raina et al. carried out research related to the impro-
vement of osteo-induction using scaffolds with bone 
morphogenic protein-2. Silk fibroin, chitosan, agarose, 
and hydroxyapatite composite cryogels with/-out bio-
active glass were fabricated to examine properties as 
carrier scaffolds. The reproduction of C2C12 myoblasts 
and mesenchymal stem cells was achieved, but, it was 
shown that bioactive glass has no in vitro observable 
effect. Moreover, both of composite cryogels have the 
ability to convey recombinant human bone morphoge-

Figure 4. (a) Diffusion-controlled reservoir delivery system, (b) Diffusion-controlled matrix delivery system.
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nic protein-2 and zoledronic acid, ensuring good choi-
ces to bone grafts [27].

In a previous study, the ability of composite cryogel 
consisting of fibrinogen and gelatin on dermal regene-
ration was examined in the skin tissue. The movement 
of human dermal fibroblast through the scaffold was 
well found with increasing concentrations of fibrinogen 
of the scaffolds [28]. 

Takei et al. produced composite cryogels with doping 
some additives into cryogels to induce wound healing 
in skin. Chitosan-gluconic acid conjugate/poly(vinyl al-
cohol) composite cryogels doped with recombinant 
human basic fibroblast growth factor was evaluated in 
vivo for wound healing. The obtained results showed 
that these cryogels kept advantageous biological acti-
vities with speeding up the migration of inflammatory 
cells into the defective skin parts [29].

Temofeew et al. was studied on nucleus pulposus de-
generation leads to back pain. The research team was 
produced a tissue-engineered scaffold for the regene-
ration of nucleus pulposus. For this purpose, a composi-
te cryogel of gelatin and poloxamer 407 was built-up to 
develop water retention and results indicated dramatic 
increase in hydrophilicity and by the way cell infiltration. 
Newly designed composite cryogel offers a potential al-
ternative to the high-priced spinal fusion surgery [30].

3.2 Drug Delivery Systems
To deliver the drugs in body, drug delivery (DD) systems 
are designed. Polymeric carriers are used in DD systems 
at specific sites and a certain time. DD systems attrac-
ted attention of scientists for applying these systems in 
the biomedical and pharmaceutical fields compound to 
achieve therapeutic effect. Controlled delivery of drugs 
improves their therapeutic effects while reducing the 
toxicity. DD systems have 4 types such as swelling-cont-
rolled, diffusion-controlled, stimulus-controlled, and 
erosion-controlled [31]. Diffusion-controlled delivery 
systems are two types as reservoir and matrix delivery 
systems (Figure 4). 

A wide variety of polymeric biomaterials have been en-
hanced recently to delivery drugs to the human body. 
These classifications are micelles, polymeric capsules, 
cryogels, and liposomes. These have a core that con-

tain the therapeutic drug with a polymer membrane 
outside (polymeric capsule). The drug release through 
the membrane by diffusion [32]. Water-insoluble drugs 
are successfully carried by micelles. Micelles are nano-
sized amphiphilic colloidal particles that have a hydrop-
hobic core with a hydrophilic shell [33]. Liposomes with 
phospholipid bilayers are able to entrap water-soluble 
solutes in the aqueous inner core. Lipophilic drugs can 
be entrapped in the lipid bilayers [34]. Cryogels as a 
controllable and biocompatible materials can used in 
DD systems in the last few decades. Cryogels as sti-
muli-responsive materials have drawn a great attenti-
on of scientists. The sensitive response of cryogels to 
a chemical and physical changes make these material 
as a unique matrix for biomedical researches. Also, the 
smart structure of cryogels can caused that using as 
smart materials in the DD fields. Two strategies can be 
used for drug loading into cryogels; in-situ loading and 
post loading. In-situ drug loading formation can be used 
to apply cryogels for macromolecular drug delivery, tis-
sue barriers, and tissue engineering. In the post loading 
formation, firstly cryogels are prepared and then ab-
sorption of drugs is achieved. Therapeutic drugs can be 
released by a stimulus causing a physical or chemical 
change in the DD systems, which is called stimulus-res-
ponsive DD systems [35].

Some environmental variables, such as elevated tem-
peratures, and low pH are found in the body. For this 
reason, either temperature-sensitive, pH-sensitive, 
temperature-sensitive, light-sensitive, electric signal-
sensitive and analyte-sensitive gels can be used for site 
specific controlled DD. Also, Stimuli-sensitive cryogels 
have enormous potential in various applications.

3.2.1. pH-sensitive 
A new type of stimuli-responsive in DDs are pH-sensitive 
polymers. This method is mainly composed of amphip-
hilic block copolymers held together to form vesicles 
with a bilayer morphology. The pH-sensitive cryogels 
are stable at pH 7.4 but destabilize in the acidic envi-
ronments such as endosomes. The drug can be relea-
sed into the cytosol far from the transmembrane efflux 
pumps [36].

3.2.2. Temperature-sensitive
Thermosensitive polymers as an intelligent polymer 
have drawn a great attention in DD studies [37]. Nega-
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tively and positively thermosensitive are two classifica-
tion of thermosensitive cryogels that negative have a 
lower critical solution temperature (LCST) and contract 
upon heating above the LCST.  The polymer shrinks due 
to phase separation with increasing the temperature a 
certain value. The polymer chains expand and dissolve 
in water under this temperature. Cryogels show an on/
off drug release with off at high temperature and on at 
a low temperature in releasing of the drug. A positive 
effect of cryogels has an upper critical solution tem-
perature (UCST), such cryogels contracts upon cooling 
below the UCST [38].

3.2.3. Electric signal-sensitive
The loading drug into cryogels sensitive to electric cur-
rent can be the same, opposite charge or neutral to the 
polymer network. The releasing of a drug from electric 
signal-sensitive cryogels are dependent switched on 
and off of current at a specific site. The mechanism of 
the drug release is largely governed by the effects of 
the electric current on the cryogel matrix [39, 40].

3.2.4. Analyte-sensitive 
Analyte-sensitive cryogels have been researched for 
many decades. The properties of cryogel networks 
can be used for many applications. Changes in cryogel 
properties are due to interactions between functional 
groups, the solvent, and ions. Additionally, analyte-sen-
sitive cryogels uniquely interact with specific complex 
molecules, i.e., analytes. The development of analyte-
sensitive cryogels needs to interaction with a specific 
molecule to cause an event, which can range from 
high-affinity binding to the degradation of the cryogels. 
Analyte-sensitive cryogels are listed in four classes. a) 
molecular imprinted recognitive, b) non-imprinted re-
cognitive, c) biomolecule containing and d) enzymati-
cally-response.

Molecular imprinting has gained great importance in 
sensor technology in the last decade. Molecularly imp-
rinted polymers (MIPs) show high chemical, thermal 
and mechanical resistance. MIPs have structure stabi-
lity and are capable of selectively recognize target mo-
lecules like conventional antibodies do [41]. Molecular 
imprinting technology (MIT) has received extensive 
attention in many biology and chemistry-related fields 
such as sensing, separation technologies, drug delivery, 
and catalysis. MIPs are designed to have recognition 
sites specific to the target molecule [42]. Size exclusi-
on is the basic form in the non-imprinted recognition. 

This method is obtained by the progressive addition of 
molecular barriers such as cross-links, tie points, and 
crystallites. The molecules below a specific molecular 
weight allow diffusing through the network of barriers, 
while larger molecular weight is excluded. Also, specific 
monomers can be used for non-covalent interactions 
with an analyte into matrix [43]. Bio recognition mo-
lecules can be conjugated in cryogels for generating 
synthetic approaches. Firstly, the molecules that are so-
luble and stable in the reaction medium, are acrylates 
and included during the polymerization. The molecules 
that denatured under rigid polymerization conditions 
are appropriate for this method [44]. Enzymes can be 
combined into cryogels with covalent linkage, encap-
sulation and interact peptide−substrate linkers. A the-
rapeutic agent can be released by degradation of the 
enzyme such as linker. The advantages of enzymatically 
responsive systems are naturally biocompatible, highly 
specific and selective. Enzymatically responsive cryo-
gels provide a great expectation for biomedical appli-
cations, and these unique biomaterials are predicted to 
have a significant impact on both research and clinical 
applications [45].

The gels can be used in other stimuli-responsive cont-
rolled release systems such as light-sensitive, ion-sen-
sitive, and glucose-sensitive [46]. Glucose-sensitive 
controlled release gels are used for delivery of insulin 
because the delivery of insulin is more different than 
other drugs. Concanavalin A immobilized to introduce 
glucose has been used for insulin delivery [47].

3.2.5. Application of cryogels in drug delivery 
systems
Researchers are working on the design of effective and 
low cost cryogel-based drug delivery systems. Dinu et. 
al. prepared three-dimensional bio composites based 
on chitosan and clinoptilolite by cryogelation and inves-
tigated their potential application as drug carriers for 
diclofenac sodium and indomethacin. They reported 
the cumulative release of diclofenac sodium from the 
monoliths lower than 5% at pH 1.2 and higher than 70% 
at pH 7.4. They also reported cumulative release of 6% 
indomethacin within the first hour in PBS from compo-
site cryogels [48]. The group of Denizli [41, 49] prepa-
red molecularly imprinted cryogels for the delivery of 
Mitomycin C (MMC). They synthesized MMC imprinted 
poly(hydroxyethyl methacrylate-N-methacryloyl-(L)-
histidine methyl ester)–Cu(II) (PHEMAH-Cu(II)) cyrogel 
membranes by free-radical bulk polymerization under 
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Figure 5. The SEM images of cryogel membranes synthesized at (A) -14°C, (B) -18°C, (C) -20°C and (D) -22°C.
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partially frozen conditions.  They synthesized different 
molar ratio of HEMA:MBAAm at fixed amount of the 
template molecule for showing the effect of cross-
linker in drug release rate. The increase of cross-linker 
ratio in the cryogel network can be caused more rigid 
and crosslinking structure of polymers. They synthesi-
zed different cryogels at -14, -18, -20, -22°C polymeri-
zation temperatures. As seen in Figure 5, the pore size 
of the cryogel membranes increased with increasing 
polymerization temperature. They studied the release 
rate of MMC with different amounts of template and 
showed an increasing cumulative release of MMC with 
the increasing amount of drug (Figure 6).

Caka et. al. synthesized poly(2-hydroxyethyl met-
hacrylate-methacryloylamidophenylalanine) memb-
ranes for the controlled release of curcumin via UV-
polymerization technique. Curcumin is used as a folk re-
medy and a drug for some certain diseases and cancers. 
They reported 7.4 optimal pH and 37°C temperature for 
controlled release of curcumin. They obtained optimum 
values that very compatible with in-body usage without 
any extreme release factors [50]. Çetin and Denizli have 
prepared 5-fluorouracil (5-FU) imprinted cryogel discs 
using a coordination complex between metal-chelate 
monomer N-methacryloyl-l-histidine (MAH) and 5-FU 
with the assistance of Cu(II) ion [5]. The complex was 

copolymerized with 2-hydroxyethyl methacrylate to 
produce PHEMAH-Cu(II) cryogel discs. Figure 7 shows 
the structure of 5-FU imprinted cryogel discs. It was ob-
served that the cumulative release of 5-FU decreased 
by the increasing cross-linker density, and 5-FU trans-
port mechanism was found to be non-Fickian.

In another study, Çetin et. al. prepared an implantab-
le and degradable molecularly imprinted cryogel for 
pH-responsive delivery of doxorubicin (DOX) [36]. The 
Release rate of DOX from cryogel discs increased in 
more acidic conditions. Kinetic studies have shown that 
the general release behavior of molecularly imprinted 
cryogel discs was a combination of diffusion and ero-
sion control. Kostova et al. prepared temperature-sen-
sitive poly(ethoxytriethyleneglycol acrylate) cryogels 
for controlled release of the hydrophilic drug verapa-
mil hydrochloride. The controlled release of verapamil 
hydrochloride reported over a period of more than 8 
h [51].

3.3. Protein Purification, Recognition and Depletion
Biomolecules play significant roles in chemical, biologi-
cal, food, and medical industries Proteins are of great 
industrial and scientific importance. Proteins are also 
important biomarkers for the diagnosis of diseases. 
There has been an unprecedented interest in molecular 

Figure 6. Effect of different amounts of template on the MMC release from cryogel membranes.
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recognition and interaction involving proteins. By using 
synthetic methods, strong and perfect polymers that 
mimic antibody or enzyme-like selectivity and affinity 
have been designed [52, 53].

The favorable structural properties of cryogels such 
as adsorptive properties, short diffusion times, thin-
surface films, tolerance to convective transport and 
low back-pressure are also used as promising adsorbent 
materials in various chromatographic methods inclu-
ding environmental, biotechnology, chromatography 
applications. The most favorable properties of cryogels 
in studies performed in these fields are that they can 
interact with whole blood without damaging the blood 
cells and do not require any sample pretreatment stage. 
The combination of the properties of cryogels applies in 
specific applications such as efficient chromatographic 
methods [52, 54, 55]. 

The purification of biomolecules is generally carried 
out with different affinity chromatography methods. 
Affinity chromatography is a most powerful technique, 
which reversible and biospecific interactions are used 
for the selective extraction, separation, purification 
and recognition of biologically active compounds from 
crude samples. The technique is also an indispensable 
tool for studying many biological processes, such as the 
mechanism of action of hormones, enzymes, cell–cell 
or protein–protein interactions and so forth. In this pro-

cess, the target biomolecule is captured by the affinity 
ligand; the unbound molecules and solutes are remo-
ved by washing buffer and the target molecule of inte-
rest is finally eluted (Figure 8) [55].

Immunoglobulin G (IgG), is the main serum immunog-
lobulin, and broadly utilized for treatment of diseases 
related to immunodeficiency in the clinic. For IgG purifi-
cation, the most commonly utilized approaches are the 
high specificity protein G or protein A based methods. 
Sun et al., designed a high adsorption capacity novel ab-
sorbent for the purification of IgG. They were prepared 
agarose beads embedded agarose–chitosan monolithic 
cryogels by cryo-copolymerization of agarose–chitosan 
blend solutions with glutaraldehyde as a cross-linker. 
The morphologies of agarose–chitosan monolithic 
cryogels were characterized by using scanning electron 
microscopy. The characterization results displayed that 
the synthesized cryogels possess interconnected pores 
of 10–100 μm size. The specific surface area of cryogels 
was calculated 350 m2/g and maximum adsorption ca-
pacity of IgG purification was found as 71.4 mg IgG/g. 
The composite cryogels displayed perfect stability, and 
can be reused at least 15 times [56].

IgG is important therapeutically molecule. IgG can be 
used as a substitute therapy in target cancer therapy 
and autoimmune, chronic inflammatory disorders, pri-

Figure 7. SEM images of 5-FU imprinted cryogel discs.
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mary or secondary immunodeficiency, and idiopathic 
purpura. IgG has also been broadly used as an immu-
nological tool in immunodiagnostic assays like antibody 
microarray, immunosensors, radioimmunoassay, and 
ELISA technologies. Therapeutic and immunodiagnostic 
assay needs highly pure IgG or complete purification of 
human IgG from human blood. Bakhshpour et al. pre-
pared PHEMA based cryogels with immobilized metal 
affinity for purification of IgG. Poly(ethylene imine) (PEI) 
was used as the chelating ligand for covalently coupled 
with PHEMA cryogels. After, the Cu(II) ions were chela-
ted to the PEI-attached PHEMA cryogels. The purifica-
tion capacity was calculated 72.28 mg/g cryogel when 
PEI immobilized and Cu(II) loading were 87 mg/g and 
246 mg/g polymer, respectively. As a conclusion, in this 
study they have reported novel synthesized cryogel co-
lumn for selectively IgG purification [57]. Bakhshpour 
et al. synthesized two different composite cryogels for 
purification of IgG in another study. Thiophilic PHEMA 
based composite cryogel disks were synthesized with 
attachment of 2-mercaptoethanol as an affinity ligand. 
The maximum adsorption capacity was calculated 27.5 
mg/g and 68.7 mg/g for thiophilic PHEMA and thiophilic 
composite cryogel disks, respectively [58].

Monolithic columns are a type of cryogels and consti-
tute a special adsorbent group for protein purification 
with many advantage such as kind of supermacropo-
res, short residence time, short diffusion path, and 
low-pressure drop. Saylan et al. synthesized monolithic 
composite columns for purification of immunoglobulin 
G (IgG) by boronate affinity chromatography. Monolit-
hic composite columns were polymerized in the presen-
ce of 4-vinyl phenyl boronic acid (VPBA) and 2-hydrox-
yethyl methacrylate.  The performance of IgG separa-
tion of monolithic composite columns was determined 
with high performance liquid chromatography (HPLC). 
Adsorption experiments were carried out under chan-

ging parameters such as pH, IgG concentration, flow 
rate, ionic strength, and temperature. The maximum 
adsorption capacity was observed at pH 8.0.  The se-
lectivity experiments of the monolithic composite co-
lumn were carried out with human serum albumin and 
hemoglobin as competitors. The IgG purification from 
human plasma was also performed [59].

Yang Chun et al. [60] prepared molecular imprinting 
amphoteric polyacrylamide cryogels for lysozyme, he-
moglobin, ovalbumin, pepsin, and γ-globulin proteins. In 
polymerization solution was used acrylic acid and allyla-
mine, acrylamide and N,N’-methylene bis-acrylamide as 
functional monomers. The acidic and basic functional 
groups were present in this polymer; it facilitates effec-
tive interactions with amphoteric proteins.

The proteins have greatly and broad scopes of mole-
cular weights and isoelectric points.  Regardless of the 
values of the isoelectric points and molecular weights, 
all target proteins showed higher retentions on the mo-
lecularly imprinted polymer than on the non-imprinted 
polymer. The highest and lowest imprinting capacity of 
MIP cryogel was showed. As a result of this study, it has 
been noted that amphoteric polyacrylamide cryogels 
are suitable for diverse target proteins and may be use-
ful for protein purification, recognition, and depletion. 
In human serum proteins and small molecules success-
fully was isolated by Zhao et al [61].  In this study the mul-
tifunctional polymer cryogel, as a solid phase extraction 
(SPE) monolith easily prepared in a syringe. Cryogel mo-
nolith (pDC/GO-DE) was synthesized of diallyl dimethyl 
ammonium chloride (DC) and HEMA, that was modifi-
ed with graphene oxide (GO) and N-diethylethanamine 
hydrobromide (DE). Different proteins isolated including 
lysozyme (Lys), bovine serum albumin (BSA), immunog-
lobulin G (IgG), transferrin, γ-globulins, and their mixtu-
res were studied as model analytes to evaluate the new 

Figure 8. Schematic showing principle of affinity chromatography.
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material which was mainly dependent on ion-exchange 
and the hybrid hydrophobicity-hydrophilicity property 
of pDC/GO-DE cryogel. Additionally, the three-dimen-
sional macroporous structure of cryogel contributed to 
size-selective isolation. More than 95% of the proteins 
were adsorbed within 10 minutes under physiological 
conditions in human serum diluted 10 times, and also 
the interference matrix in serum was effectively redu-
ced. After recycling three times was still above 90% the 
extraction ratio of proteins in human serum [61].

In an effective manner, the research about protein imp-
rinted polymers have increased drastically in recent 
years with the development of water-based polymer 
systems, namely hydrogels and cryogels. The macropo-
rous structure of cryogels has allowed the use of these 
materials within different applications, particularly in 
affinity recognition and molecular imprinting methods.
As reviewed in our previous studies; there are several 
studies focused on protein recognition and protein dep-
letion by using cryogels, particularly composite cryo-
gels both in affinity systems and molecular imprinting 
[62,63].

Molecularly imprinted cryogels have also become att-
ractive for researchers due to their high selectivity, spe-
cificity, efficient mass transfer and good reproducibility 
in the separation and purification of proteins [64].

In addition to these studies; the recent biomedical app-
lications in affinity based and molecularly imprinted 
composite cryogels, in terms of protein depletion and 
purification, are focused in this section. 

3.3.1. Biomedical Applications
3.3.1.1. Protein Depletion
Rheumatoid arthritis is a debilitating, progressive, chro-
nic autoimmune disease that occurs in about 1% of 
adults. It is more common in people 40-70 years of age 
and about 2.5 times more women than men are affec-
ted. Alkan et al. [65], was designed poly(hydroxyethyl 
methacrylate) (PHEMA) supermacroporous cryogel for 
removal of IgM-antibody from human plasma. The PHE-
MA supermacroporous cryogel was prepared by cryo-
polymerization which continued in an aqueous soluti-
on of frozen monomer. Protein A immobilized PHEMA 
cryogels interacted with blood in the in-vitro system 
to determine blood-compatibility. The super-porous 
structure of PHEMA cryogel has been shown to make 
it possible to process blood cells without inhibiting the 
cryogel column (Figure 9). The maximum amount of 
IgM-antibody adsorption was 42.7 mg/g. As a result, it 
was observed that PHEMA supermacroporous cryogel 
provided the reusability advantage and desorbed wit-
hout loss of IgM-antibody adsorption capacity [65].

Bilirubin is an extremely hydrophobic molecule and 
transported in the bloodstream as a water-soluble 

Figure 9. Flow behavior of whole blood through a PHEMA cryogel column. One-milliliter blood was applied to the cryogel column at 
a flow rate of 0.5 mL/min in isotonic buffer solution. Column 1: column before application; columns 2–5: column during processing; 
column 6: column after the flow of blood sample.
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complex with albumin. It is conjugated to form biliru-
bin glucuronides in liver cells and excreted into the bile. 
Free bilirubin is extremely toxic because of its hydrop-
hobicity. Disorders in bilirubin metabolism can lead 
to increased levels of free bilirubin and accumulate in 
phospholipid membranes and impair the performance 
of membranes. In addition, the presence of excess bili-
rubin in plasma may cause jaundice, hepatitis, brain da-
mages or even death in newborn babies. Various met-
hods have been made to extract bilirubin from hyperbi-
lirubinemia human plasma for decreasing high bilirubin 
level to normal, such as hemoperfusion systems (re-
moved toxic substances from patient’s plasma with ad-
sorbent substance) and plasma exchange. Perçin et al., 
prepared a novel N-methacryloyl-L-tryptophan methyl 
ester (MATrp) amino acid-based functional monomer 
containing poly-hydroxyethyl methacrylate (PHEMATrp) 
cryogel disc for removal of bilirubin from human plas-
ma (Figure 10A).  PHEMATrp cryogel disc was characte-
rized by scanning electron microscopy (SEM), swelling 
tests, contact angle analysis elemental analysis, Bruna-
uer–Emmett–Teller (BET) analysis, and surface energy 
calculations. In this study, bilirubin adsorption studies 
were performed in a batch system, and the maximum 
bilirubin adsorption capacity was found as 22.2 mg/g 
cryogel disc (Figure 10B). It was concluded that PHE-
MATrp cryogel discs provide economic advantages to 
their performance in reusability [66].

Cytapheresis is a commonly used extracorporeal se-
paration technique aimed the elimination of certain 
types of blood cells from the circulating blood. Recently, 
cytapheresis has been shown to be clinically effective 
in a variety of illness cases, including autoimmune di-

sorders, rheumatoid arthritis, leukemia, and sickle-cell 
anemia and renal allograft rejection. There are three 
major extracorporeal leukocyte removal therapies in 
the clinical area, including the centrifugation method, 
filtration, and the adsorptive method using beads or 
fibers. Akende et al., were produced an affinity-based 
macroporous monolithic cryogel with a structure of 
interconnected pores. The PHEMA cryogel affinity co-
lumn was synthesized by free radical polymerization at 

-12°C. The PHEMA cryogel was functionalized with bio-
logical ligands. Haemolytic potential of PHEMA cryogel 
was settled by measuring free haemoglobin after blo-
od filtration through the column. Anti-human albumin 
antibody was chemically combined with epoxy-deri-
ved monolithic cryogels and then the binding activity 
of anti-human albumin to cryogel was determined. It 
is shown that about 100% of the red blood cells pass 
through the column without evidence of hemolysis in 
blood. It has been reported that ~82% of human serum 
albumin is kept on the monolithic IgG anti-human albu-
min cryogel matrix. The results have shown that PHEMA 
monolithic cryogel is a non-hemolytic material that can 
be functionalized with the antibody and therefore may 
be a matrix suitable for use in the extracorporeal aphe-
resis system (Figure 11) [67].

3.3.1.2. Protein Imprinting 
Molecularly imprinted polymers (MIPs) are synthetic 
materials designed to selectively recognize target mo-
lecules. MIPs are synthesized to reach specific interac-
tions between a target analyte and polymeric matrices. 
This highly stable polymeric structure has perfect func-
tions and properties by carrying specific predetermined 
binding sites to specific target analytes [68]. MIPs have 

Figure 10. (A) SEM image of PHEMATrp cryogel disc; (B) The time dependence of the adsorption values of bilirubin on PHEMATrp cryogel 
disc. Bilirubin concentration: 1.0 mg/mL; mdry: 0.034 g; V:10 mL; T: 25°C; t: 2 h.
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unique properties such as high specificity, ease of mass 
preparation, thermal and chemical stability, low cost 
and ease of reusability [69]. Recently, MIPs has been 
involved in applications especially in protein related fi-
elds fields; such as molecular recognition, purification, 
separation, catalysis, disease diagnose and therapy [68].
Protein-imprinted polymers have evoked widespread 
interest to mimic molecular recognition systems in na-
ture, including enzymes, antibodies, cells, and viruses. 
Technical and scientific development in the area leads 
to attractive applications in biomarker discovery, illness 
diagnosis, proteomics, and environmental analysis. Mo-
lecularly imprinted polymers (MIPs) are perfect tools to 
work the interactions between polymeric matrices and 
template and a polymeric matrix [70].

The first and important task with complex samples in 
proteomics and biomarker discovery is generally to 
deplete abundant proteins. For this, protein depletion 
was performed by various methods including metal 
affinity, immunoaffinity, combinatorial peptide ligand 
library, multidimensional chromatography, and others 
[71].

The adsorption performances of cryogels for various 
proteins are summarized in Table 1. Yang et al. synthe-
sized supermacroporous cryogel to deplete abundant 
proteins. Molecularly imprinted and non-imprinted 
cryogels were prepared in the presence acrylamide, 
N,N-methylene bisacrylamide and sodium hydrogen 
sulfite. This study was made by different polymers by 
adding different amounts of human serum. Cryogenic 
polymerization was carried out at −20°C for 24 h. Chro-
matography and electrophoresis studies showed that 
albumin, serotransferrin, and globulins as most abun-
dant proteins were depleted by molecularly imprinted 
cryogel columns. After depletion, the low abundance 
proteins identified by SDS PAGE, peptide fingerprint 
analysis, and MALDI TOF-MS were uncovered [71].

Interferons are cytokines, produced by virally infected 
cells, are very significant biological proteins. These pro-
teins exhibit cytotoxic, immunomodulatory, antiviral, 
antitumor and antiproliferative activities also enhance 
the expression of the major histocompatibility antigens.  
There are three different major types of interferon which 

Figure 11. Flow of blood passing through the cryogel matrix at different times. No side flow leakage within the column was observed.
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separate structural, biochemical and antigenic proper-
ties. These are alpha interferon (α-IFN), beta interferon 
(β-IFN), and gamma interferon (γ-IFN). The α-IFN is ma-
inly produced by monocytes and B-lymphocytes. a-IFN 
is generally used in the treatment of chronic hepatitis 
B, hepatitis C, hairy cell leukemia, and diverse types of 
cancer. Purification of interferons is important for the 
treatment of many diseases including cancers, tumors 
and hepatitis. Çorman et al. alternatively synthesized 
molecular imprinting-based cartridges for the purifica-
tion of interferons from aqueous solutions. This alter-
native approach provided high selectivity for the target 
molecule and was shown to provide a rapid separati-
on. Cryogel cartridges were prepared with molecular 
imprinting technique in the presence of recombinant 
interferon α-2b. The specific filtration cartridges were 
characterized by scanning electron microscopy, Fouri-
er-transform infrared spectrophotometry, and swelling 
tests. The adsorption studies different amounts of re-
combinant interferon α-2b were performed at different 
pH values, centrifugation speeds, temperatures, and 
ionic strengths. The selectivity studies were carried out 
by using insulin, immunoglobulin G (IgG) and human se-
rum albumin (HSA), lysozyme, myoglobin and carbonic 
anhydrase in competitive or uncompetitive conditions. 
Interferon purification by this alternative technique 
was obtained effectively and highly selective [72].

Proteins can be important biomarkers for the diagno-
sis of diseases. Hemoglobin (Hb),a major protein of red 
blood cells, is constitutes 95% of the total cytosolic 
proteins. In proteomic studies, a high abundance of Hb 
makes it hard to detect low abundance proteins, which 
are potential biomarkers. For this reason, Hb depletion 
from red blood cell hemolysate is very significant.

Baydemir et al. prepared molecularly imprinted based 
composite cryogel for depletion of hemoglobin from 
human blood.  In the presented study, they descri-
be a method that used molecularly imprinted micro-
particles embedded into cryogel to form composite 
cryogels. The molecularly imprinted microparticles 
were prepared in the presence of amino acid-based 
monomer N-methacryloyl-L-histidine (MAH) as metal 
coordinating functional monomer. Hemoglobin imprin-
ted poly(hydroxyethyl methacrylate-N-methacryloyl-
L-histidine) (PHEMAH-Ni(II)-Hb) microparticles were 
synthesized (size range of 20–71 μm). For this purpose 
they synthesized poly(hydroxyethyl methacrylate) ba-
sed cryogel with high gel fraction yields up to 90%, and 

characterized by scanning electron microscopy, Fourier 
transforms infrared spectrophotometer, flow dynamics 
swelling studies, and surface area analysis.  Molecularly 
imprinted composite cryogel have a high binding ca-
pacity and selectivity for hemoglobin in the presence 
of albumin, myoglobin, and immunoglobulin G. In this 
study molecularly imprinted composite cryogel column 
was successfully performed in fast protein liquid chro-
matography system for selective depletion of hemog-
lobin for human blood.  The depletion ratio was highly 
increased by embedding microspheres into the cryogel 
(93.2%). As a result, molecularly imprinted composite 
cryogel can be reused many times without a significant 
reduction in hemoglobin adsorption capacity [73].

4. Concluding Remarks 
Macroporous cryogels are hydrogel adsorbents that 
have interconnected macropores and are created in 
moderately frozen solutions of monomeric precursors 
[77,78]. Cryogels has various applications in the biotech-
nological, biomedical, and pharmaceutical fields. Also, 
cryogels are utilized in various medical applications 
such as tissue engineering, drug delivery systems (DDS) 
and protein recognition systems.

By this manner, composite cryogels are utilized as 
scaffolds for new tissues because of their structural 
similarity to the natural extracellular matrices in the 
body. In water cryogels are insoluble and swell when 
immersed. These polymeric carriers due to their high 
biocompatibility have also been broadly considered in 
controlled and sustained release devices for delivery of 
water-soluble drugs. DDS began to extend from small 
pharmaceutical drugs to macro biomolecules, such as 
proteins with the fast development of material, which 
macro-scale evolved into micro- and nano-scale.  Thus, 
cryogels are new alternatives as drug delivery matrixes. 
In addition to; selective and efficient purification and 
depletion of proteins from crude samples, gained much 
interest in affinity recognition and molecular imprinting 
based composite cryogels by embedding nano and mic-
ro particles into cryogel structure to enhance the surfa-
ce area and their binding capacity.
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Cryogel 
materials

Target Sample

Cryogels
preparation 

time/
temperature

Initiator
Adsorption 

capacity
Author

Purification

PHEMA/PEI IgG Human plasma −12°C for 24 h APS/TEMED 72.28 mg/g
Bakhshpour, 

2016 [57]

Thiophilic 
P(HEMA-

EGDMA) beads 
embedded 

PHEMA 

IgG Human plasma −12°C for 24 h APS/TEMED 68.7 mg/g
Bakhshpour, 

2014 [58]

Agarose beads 
embedded-

chitosan 
IgG Human plasma

+5 to −20°C for 
18 h

Temperature 71.4 mg/g Sun, 2012 [56]

poly(HEMA-
VPBA) 

IgG Human plasma −12°C for 24 h APS/TEMED 0.13 mg/g Saylan 2014 [59]

pDC/GO-DE 
Lys, BSA, IgG, 
transferrin, 
γ-globulins

Human plasma −20°C Zhao 2019 [61]

Composite/
PHEMA/MAPA

Lysozyme
Chicken egg 

white
−16°C for 24 h APS/TEMED 57.3 mg/g

Baydemir, 2015 
[74]

Imprinting

acrylamide, 
MBAAm

Albumin, 
serotransferrin, 

globulins
−20°C for 24 h. APS 26 mg/g Yang, 2017 [71]

PHEMA-MATrp Interferon α-2b
Multi-protein 

solutions
−12°C for 24 h APS/TEMED 17.9 μg/g,

Çorman, 2015 
[72]

PHEMA-MAH-
Ni(II)

Hemoglobin Human blood −18°C for 24 h APS/TEMED 23.4 mg/g
Baydemir, 2014 

[73]

Acrylamide-
BisAM-allyl 

amine

Lysozyme, 
pepsin, 

ovalbumin, 
hemoglobin, 

and γ-globulin

PBS buffer −20°C for 24 h APS Yang 2016 [70]

Composite/
PHEMA

Albumin Human serum −12°C for 16 h APS/TEMED 98.2 mg/g
Andaç, 2012 

[75]

Depletion

PHEMA/ 
MBAAm

IgM-antibody Blood −16°C for 24 h APS/TEMED 42.7 mg/g Alkan, 2010 [65]

PHEMA/MATrp Bilirubin Human plasma −16°C for 24 h APS/TEMED 22.2 mg/g
Perçin, 2012 

[66]

HEMA and AGE, 
MBAAm

Hemoglobin/ 
HSA

Red blood cells −12°C for 18 h APS/TEMED
Akande, 2015 

[67]

PHEMA/PEGDA-
MAPA

Albumin Human plasma −12°C for 16 h APS/TEMED 31.0 mg/g
Andaç, 2013. 

[76]

*poly(hydroxyethyl methacrylate (PHEMA); 2-hydroxyethyl methacrylate (HEMA); methylene-bisacrylamide (MBAAm) and (BisAM); N-methacryloyl-L-tryptophan methyl ester (MATrp); allyl 

glycidyl ether (AGE); N-methacryloyl-L-histidine (MAH); N-methacryloyl-L-tryptophan (MATrp); 4-vinyl phenyl boronic acid (VPBA); poly(ethylene imine) (PEI); Ethylene glycol dimethacrylate 

(EGDMA); phosphate buffered saline (PBS); diallyl dimethyl ammonium chloride (DC); graphene oxide (GO); N-diethylethanamine hydrobromide (DE); PEGDA; polyethylene glycol diacrylate; 

MAPA: N-methacryloyl-L-phenylalanine.

Table 1. The adsorption performances of cryogels for various proteins.
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