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Abstract: Growing medical, engineering, biochemical, and biological interest has led to a steady pace
of research and development into polymeric monolithic structures with densely interconnected pores
for purifying bio compounds. Cryogels, which are generated by freezing a reactive polymerization
mixture, are highlighted due to their versatility and low relative cost as macroporous, polymeric,
monolithic adsorbents. The conversion of cryogels into affinity adsorbents is one possible alternative
to their optimal application. Some of the most often utilized supports for immobilizing particular
ligands are monolithic columns manufactured with epoxy radicals on their surfaces. The purification
of biomolecules with a high degree of specificity, such as lectins and glycoproteins with an affinity for
glycosylated groups, has garnered interest in the use of fixed non-traditional beds functionalized
with ligands of particular interest. The interaction is both robust enough to permit the adsorption of
glycoproteins and reversible enough to permit the dissociation of molecules in response to changes in
the solution’s pH. When compared to other protein A-based approaches, this one has been shown to
be more advantageous than its counterparts in terms of specificity, ease of use, and cost-effectiveness.
Information on polymeric, macroporous, monolithic adsorbents used in the affinity chromatographic
purification of lectins has been published and explored.

Keywords: purification of bio compounds; macromolecules; affinity chromatography; monolithic
cryogels; glycoproteins; versatile applications

1. Introduction

Developing techniques and methods for separating and purifying biological macro-
molecules such as proteins has been an important prerequisite for many of the advances
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made in several areas of knowledge. In the field of chromatography, the development of
new porous resin supports, new cross-linking agaroses, and new porous silicas allowed
rapid growth in high-resolution techniques such as high-efficiency liquid chromatography,
analytical and laboratory preparative scales, as well as for industrial chromatography
in columns with several-hundred-liter bed volumes [1]. Macroporous monoliths, called
cryogels, are produced from a solution of monomers and hydrophilic polymers using
cryofreezing techniques previously used for biomedical applications. Cryogeleification is a
specific type of synthesis of polymeric gels in which the formation begins in the cryogenic
treatment of systems capable of forming gels [2]. The use of cryogels that incorporate free
epoxy radicals on their surfaces is one of the most frequent ways to immobilize ligands of
interest. This is due to the ease with which amine-, thiol-, or hydroxyl-group molecules
can react to form a stable covalent bond. This is one of the most popular choices among
the possibilities available. The glutaraldehyde (GLU) strategy has been highlighted as one
of the other mechanisms likely to be employed with these reactive epoxy radicals. The
essential advantage it offers is the ability to create a long spacer arm between the ligand
and the adsorbing surface. Because of this, it can avoid the effect of steric hindrance, which
can enhance the destabilizing power of the ligand as well as purify the target molecule. It
is possible to purify lectins using macroporous adsorbents. Lectins are glycoproteins of
immune origin which lack catalytic activity and have activity and specificity mediated by
mono- and oligosaccharides; this method has a good chance of success. When different
types of carbohydrates are immobilized, adsorbents with other properties are produced.
Consequently, there is now a distinct possibility that these adsorbents can be used in
processes intended to separate lectins [3,4].

The gel formation process in a semi-freezing zone allows the preparation of mechani-
cally stable monolithic matrices composed of large interconnected macropores, since the
pores formed in this process are 100 to 1000 times larger than those in other gels, which
have pores in the range of 0.03–0.4 µm. This characteristic reveals the attractiveness and
potential of these materials because the flow through these pores is purely convective and
the resistance to mass transfer is low, which makes them permeable to aqueous solutions of
proteins and even cell suspension [3–5].

Protein purification is grounded in studies of the physical–chemical characteristics, and
structural and biological properties, being stimulated by its potential use in several areas of
medicine, chemistry, biochemistry, and biology [6]. The most used technique to mediate
such purification is affinity chromatography [7,8], based on highly specific and reversible
interactions between pairs of biological materials (enzyme–substrate, enzyme–inhibitor,
antigen–antibody) as well as studies using interactions with N-acetyl glucosamine [9],
galactose derivatives [7], mannose [10], and proteins [11], among others, which can guar-
antee greater selectivity due to the specific stereochemical and typological characteristics
presented by proteins. The principle of the method in question is to improve the separation
capacity of biomolecules from specific, non-covalent bonds to insoluble supports, favoring
the obtaining of bio-separations with high selectivity [12–14]. It is known that the use
of monolithic, macroporous matrices applied in the purification of bio compounds is in
constant growth and development [15]. In this sense, this study aimed to report and discuss
information from the literature on polymeric, macroporous, monolithic adsorbents applied
in the purification of lectins using affinity chromatography.

2. Lectin Activity

Conceptually, lectins are proteins of non-immune origin that recognize and are associ-
ated with carbohydrates or glycoconjugates reversibly, with high affinity and specificity.
Due to this ability, these biomolecules have important biological effects, such as insecticide,
bactericidal, antitumor, and fungicide, in addition to an injunction on HIV-I protease, and
became essential instruments in the diagnosis of diseases, identification of microorganism
strains, and in studies related to blood types. Plant lectins have been used in cell biology
and immunology as diagnostic and immunomodulatory agents, as well as for therapeutic
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purposes [16]. In addition, they can be used in the production of biosensors for the food
industry, verifying the presence of microorganisms to ensure the quality of raw materials
and industrialized products [17,18].

It is worth noting that the study of Matoba et al. [19] increased the antiviral activity of
lectins. Such proteins have as characteristics the recognition and maintenance of specific
and reversible bonds to mono- or oligosaccharides and other substances containing sugars,
maintaining the covalent structure of these glycosidic ligands [19]. They can precipitate cells,
glycoconjugates, and polysaccharides from animal, plant, virus, and bacterial sources [20,21].

The binding of lectins with sugars is attributed to a carbohydrate recognition domain
(CRD) within their polypeptide structure. The interaction of lectins with certain carbo-
hydrates can be as specific as the interaction between antigen and antibody or substrate
and enzyme. Some are metalloproteins, in other words, they require the presence of metal
cations at their specific binding sites with carbohydrates in connection with them, resem-
bling metalloproteases; but lectins do not present catalytic activity [20,22]. Generally, lectins
have at least two binding sites for carbohydrates, which allow cross-linking between cells
through combinations with sugars on the surface or between sugars contained in macro-
molecules, justifying their ability to agglutinate particles and precipitate glycoconjugates.
The lectin–carbohydrate interaction is due to covalent bonds, in which water molecules,
associated with the polar group of proteins and also around the carbohydrate, are displaced
(Figure 1). This modification results in the formation of new hydrogen bonding networks,
which, together with van der Waals forces, stabilize this interaction [7,23].
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Figure 1. Scheme illustrating the binding of lectin to the carbohydrate through the carbohydrate
recognition domain. The carbohydrate–lectin interaction involves, among other non-covalent forces,
the formation of hydrogen bonds and hydrophobic interactions.

The structure of proteins and their activity are strongly influenced by environmental
factors such as pH and temperature, in addition to chemical factors such as the presence
of ions [24]. Temperature is a considerable factor in the maintenance of the native activity
of lectin hemagglutination. Singh (2013) working with lectin of Momordica charantia (MCJ)
observed that at 30 ◦C their activity was maintained, however the increase in temperature
to 55 ◦C reduced their hemagglutinating activity by 50%, and this percentage of activity
was maintained for 12 min [25]. The total loss of lectin activity occurred at 65 ◦C, with
no recovery, even after a temperature reduction, and this showed that the kinetics of
inactivation of lectin hemagglutination activity at this temperature is an irreversible process.
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Similar to temperature, pH is a significant influencing factor in lectin activity. Hemag-
glutination tests with lectin MCJ showed that it is active at pH values between 3 and 11. The
hemagglutinating activity of MCJ increases with an increase in pH, and the activity maximizes
in the pH range of 5 to 8. With the increase in pH, the hemagglutinating activity of MCJ
decreased, maintaining less than 50% of pH agglutination activity between 10 and 11 [25].

Most lectins require metal ions to present agglutinating activity, as is the case with
lectins of legumes that require Mn2+ and Ca2+. Studies conducted by Sharon and Lis [26]
with concanavalin A (ConA) indicated that, in an acid iced medium, there was a removal
of metal ions from the ConA molecule, eliminating its ability to bind to carbohydrates.
However, such a reaction can be circumvented with the addition of Mn2+ and Ca2+ ions
in this order, considering that metals confer a high degree of structural stability to ConA,
protecting lectins against heat inactivation [26,27].

On the other hand, these same ions at high concentrations are capable of agglutinating
cells, as observed by Silva et al. [15] in their study on the influence of Ca2+ and Mn2+

ions for their hemagglutinating activity of cassava leaf lectin. Thus, to ensure that the
agglutination is being mediated by lectin and not by excess ions, it is necessary to inhibit
this activity with the addition of carbohydrates [15].

3. Lectin-Carbohydrate Interaction

The recognition of the specificity of lectin–carbohydrate interactions involve differ-
ent techniques, such as affinity chromatography, electrophoresis, spectroscopy in the
ultraviolet-visible region, and calorimetry, among others [28]. Usually, the simplest method
of identifying the presence of lectins in a medium is through hemagglutination inhibition
(HI) tests, and despite its low accuracy, it is the most widely used method. IH classifies the
amount of carbohydrate needed to inhibit the agglutination of erythrocytes caused by lectin
and can help determine the specific carbohydrate for a lectin of interest. Specificity is given
regarding carbohydrates that present a greater inhibition of the agglutination reaction [29].

In this type of assay, serial dilutions of the sample are performed in a saline solution,
followed by incubation with human or animal erythrocytes. Thus, the added lectin binds
to the carbohydrates present on the surface of erythrocytes, causing a cross-link between
the cells, called the hemagglutination network (Figure 2a). When there is a successful
inhibition, the addition of carbohydrates prevents the formation of the hemagglutination
network (Figure 2b). In this case, the lack of agglutination is a positive result, proving the
employment of the inhibiting activity of the carbohydrate. Using different concentrations
of various carbohydrates, a semi-quantitative evaluation of the affinity and specificity of a
lectin can be obtained [30].

1 

 

 

Figure 2. Representation of the behavior of the lectin in the hemagglutination inhibition. (a). Before
interactions and (b). After interactions. Here, round ball shape means erythrocytes, moon shape
means lectins and bullet shape is carbohydrates.

The most common classification for these proteins is based on their sources, which are
animals and plants as well as microorganisms. Lectins have been extracted from sources
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such as shimeji mushroom [17] and black beans [21]. Some studies have also been carried
out with the extraction of Jambo seed lectins [31], okra seeds [32], and wheat germ [33].
Table 1 shows some sources of lectins as well as their specific binders.

Table 1. Lectins and their specific binders.

Lectins Source Extract Specific Binders References

Con A Canavalia ensiformis Pork bean α-D-mannosil and α-D-glycosil [34]
PNA Arachis hypogaea Peanut N-acetylgalactosamine [35]
WGA Triticum vulgare Wheat germ N-acetylglycosamine [36]

Jacalina Artocarpus integrifólia Jackfruit α-galactopyranosids and
methyl-α-D-galactopyranoside [37]

Ricin Ricinus communis Castor bean β-D-galactosyl [38]
Emal Eugenia malaccensis Red Jambo Glucose [31]
PHA Phaseolus vulgaris Bean N-acetyl-D-galactosamine [39]

BanLec Musa paradisiaca Banana Mannose-binding [40]
PeCL Penicillium chrysogenum Fungus Mannose-binding [41]

FSL Fusarium sambucinum Fungus D-xylose, L-fucose D-mannose,
N-acetyl-D-glucosamine [42]

PTA e
LRA

Pinellia ternata Lycoris
radiata Plant Mannose ligand [43]

Source: Adapted from refs. [22,31].

The lectin–carbohydrate relationship and the specificity of this interaction are widely
studied, and despite the vast amount of these glycoproteins in nature, not all processes
involving this mechanism are fully understood. Interestingly, despite the high similarity
between plant lectins, many presented remarkably distinct biological profiles, with a
wide range of biological activities that include anti-inflammatory, antidepressant, and
vasodilatory activities. Some lectins have been identified as promising antitumor agents,
e.g., ConA and the ML-I lectin of the Bird’s herb plant, which are in preclinical and clinical
trials for treatment of human liver cancer and malignant melanoma [16].

In addition, lectins can be used in the production of biosensors for the food industry,
in verifying the existence of certain groups of analytes and/or microorganisms, and in
ensuring the quality of raw materials and industrialized products [44]. The technology of
biorecognition of lectins by sugars has been applied in clinical diagnosis and the removal of
blood viruses [45]. This group of glycoproteins is found in many organisms, from bacteria
to plants and animals [3].

4. Purification of Lectins

Lectins can be purified using conventional methods such as salt or acid precipitation,
aqueous system extraction, and chromatographic separation, such as ion exchange and
molecular or affinity exclusion [21]. Considering the ability of lectins to bind to carbohy-
drates and other glycoproteins, the most used technique for the purification of this group
of proteins is affinity chromatography [7,8]. This capacity is explored and being studied for
the interaction with N-acetylglycoamine [9], derived from galactose [7], mannose [10], and
proteins [11], among others.

Among the most used procedures for protein purification are chromatographic tech-
niques, such as ion exchange and affinity, that have different separation principles, such as
load difference and binding affinity, respectively. They are considered the most powerful
methods for purification and are used to isolate and purify the biomolecule of interest
to the other, leading to the appropriate purity for the intended use [46]. The principle of
separation for this physical–chemical method is based on the difference in the interaction
of the components of the mixture with the stationary phase, resulting in differential mi-
grations of the compounds, thus allowing them to be separated. During the procedure,
proteins are bound in a porous, solid material with appropriate chemical characteristics,
called a stationary phase, and maintained in a column by which a buffer solution is perco-
lated, characterized as a mobile phase [14]. Table 2 presents the various techniques for the
purification of lectins.
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Table 2. Lectin purification techniques.

Technique Lectin Food References

Hydrophobic interaction
chromatography Tethya sp. Marine sponge [47]

Ion exchange chromatography Jacalina (Artocarpus
integrifólia) Jackfruit [15]

Affinity chromatography Con A Pork beans [26]

Gel filtration chromatography PeCL Fungus (Penicillium
chrysogenum) [41]

Affinity chromatography
followed by ion exchange

Gymnopilus
spectabilis (GSL) Mushroom [48]

Ion exchange chromatography BanLec Banana [40]

Exclusion chromatography in gel FSL (Fusarium
sambucinum) Fungus [42]

Ion exchange chromatography PTA e LRA Pinellia ternata and
Lycoris radiata [43]

Molecular exclusion
(PD-10 Desalting) Swartzia laevicarpa Legume [49]

Among the modes of operation of the various chromatographic processes are the fixed
bed and the expanded bed. The fixed bed has high efficiency, being a technique of easy
implementation in production processes. However, the presence of large biomolecules
and highly concentrated materials challenges its capacity and productivity. Expanded bed
adsorption allows for the use of feeding that contains particulate matter, eliminating the
need for initial clarification of the medium, reducing the number of process steps, and
avoiding the loss of biomolecule activity. On the other hand, this chromatographic method
requires special types of columns and accessories that cannot be installed in traditional
packaged bed chromatography systems [50].

To overcome these problems, especially mass-transfer problems, researchers have
been more interested in the study of super-macroporous polymeric monolithic columns,
as these allow the process to occur at a superficial speed comparable to traditional high-
efficiency liquid chromatography and higher than that used in an expanded bed, using
low pressure [14]. In this sense, affinity chromatography is the most-used technique for
lectin purification, which consists of perceiving a sample on a stationary adsorbent phase
containing the specific pairs of binding previously balanced by the mobile phase to achieve
the best interaction conditions (Figure 3).

The molecules of the present solute interact selectively with the immobilized pairs,
being retained in the stationary phase. Subsequently, they are washed for the removal of
unbound or weakly bound compounds and then passed to the mobile phase under desorp-
tion conditions, reversing the specific bond that had been formed. Because this is a widely
used technique for the purification of lectins which bind to carbohydrates or glycoproteins
coupled in the matrix, according to specificity, these molecules are eaten with carbohydrates
or glycoproteins in a solution; for example, the Sephadex® G-50 matrix retains lectins with
specificity to glucose, D-fructose, D-mannose, sucrose, and methyl-β-D-glycopyranoside,
while the chitin matrix is specific to N-acetyl-D-glycosamine and oligosaccharides [51,52].

Affinity chromatography employs different types of binding agents (binders) and
stationary phase supports (matrices). By improving various properties, such as specificity,
selectivity, reproducibility, conjugation chemistry, and cost-benefit of these components,
this method can be applied for large-scale purification to achieve the desired yield and
purity of the product [12]. It is worth mentioning that an important factor for ensuring
good efficiency of affinity chromatography is the choice of the appropriate mobile phase in
which to perform the elution. This step requires the complete dissociation of the adsorbent–
adsorbate complex, obtaining high purity and using the lowest possible volume of solution.
The elution methods used may be selective or non-selective [13].
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The selective methods take advantage of the natural properties of the biospecific
interactions of proteins, using a solution containing a high concentration of free binder,
and may be the same as those bonded on the surface of the matrix, thus generating a
competition between soluble ligands and immobilized ligands, where the soluble must be
in excess, and, in this way, dissociation will occur and adsorbate will move to the soluble
phase. Non-selective methods alter the physical properties of the adsorbent by varying
pH, temperature effect, or use of denaturing proteins, reducing the intensity of the binding
protein and thus promoting dissociation of the complex.

Another factor to be considered is the type of ligand to be immobilized in the stationary
phase. Several types of binders can be immobilized. Such binders can be grouped into two
categories: high-specificity binders and general binders. High-specificity ligands bind to a
narrower group of molecules such as antigens for antibodies and enzyme substrates. These
types of binders are used when the goal is to analyze or purify a specific solute. General
binders bind to a family of solutes without distinction between individual compounds.
This is the case with quality metals, triazine dye, proteins A and G, and lectins. These are
aimed toward separating a class of compounds and have weaker bonds with the target
molecule than high-specificity ligands [13,14]. Table 3 shows some examples of ligands
that are used in affinity chromatography.

Table 3. Main binders in affinity chromatography.

Technique Biomolecule Ligand References

Chromatography
by Affinity

Concanavalin A (Con A); Peanut
(PNA) Immobilized glucose [53]

Blackberry lectins Concanavalin A [54]

Lizosima
Tris

(hydroxyethyl)aminomethane [51]

N-acetyl-D-glycosamine
(D-GlcNAc) [55]

Gymnopilus spectabilis (GSL) Manosil-Sepharose [48]
BanLec [40]

Arisaema jacquemontii Blume (AJL) Syapituin [56]
lectin (‘Millectin’) Mannose [57]
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5. Monolithic Polymeric Cryogels

Although the strategies for developing a chromatographic purification process of
biomolecules on an industrial scale are known, large biomolecular structures and very
concentrated materials challenge the limits of conventional chromatographic methods
regarding their purification capacity. For this reason, there is interest in the use of macrop-
orous monoliths in chromatography [14].

The introduction of fixed-bed columns, such as macroporous monoliths, for chro-
matographic separation of biomolecules has aroused a lot of interest. These polymeric
monolithic columns are supports with large and interconnected pore structures used for the
separation and purification of bioproducts from unclarified media or solutions containing
particles or cell mixture [3,32].

Macroporous monoliths, called cryogels, are produced from a solution of monomers
and hydrophilic polymers using cryogeleification techniques, previously used for biomedi-
cal applications. Cryogeleification is a specific type of synthesis of polymeric gels in which
formation begins in the cryogenic treatment of systems capable of forming gels [2]. The
difference in the concentration of the monomer solution and polymers provides a higher
degree of physical–chemical interlacing between the chains and, consequently, a decrease
in pore size and porosity (connectivity between pores).

Monolithic cryogels exhibit multiple pores that can range from 1 µm to 100 µm in
diameter, and these dimensions can be controlled by changing synthesis parameters includ-
ing the nature and type of the polymer, the synthesis temperature, and the composition of
the cross-linking agent [58]. In this context, several polymeric compounds can be combined
in the synthesis of cryogels, as well as the use of different freezing temperatures, as can be
observed in Table 4.

Table 4. Examples of systems for the preparation of polymeric cryogels.

Monomers and Reticulates Solvent Catalyst T (◦C) References

Methacrylic acid + oligo ethylene glycol Diacrylate Water APS+ TEMED −20 [59]
2-hydroxymethylmethacrylate + N-vinyl imidazole + ethylene

glycolDimethacrylae Water APS + TEMED −16 [60]

N-isopropilacrilamide + itaconic acid + N,
N′-methylene-bis-acrylamide Water APS + TEMED −22 [61]

Acrylamide + N, N′-methylene-bis-acrylamide + Alil- glycidyl ether Water APS + TEMED −12 [9,51]
N-isopropilacrilamide + acrylic acid + N,

N′-methylene-bis-acrylamide Water APS + TEMED −22 [62]

Poly- (L) -histidine + glycidil methacrylate (PGMA) +
N′-methylene-bis-acrylamide + HEMA Water APS + TEMED 16 [63]

Acrylamide + lauryl acrylate + ethylene glycol dimethacrylate
(EGDMA) Water PDMS + PBPO −18 [64]

Poly (2-hydroxyethyl methacrylate) (PHEMA) Water APS + TEMED −12 [65]

Here, APS: ammonium persulfate; TEMED: N, N, N, N tetramethylethylenediamine; HEMA: 2-hydroxyethyl
methacrylate; Phenyl (2,4,6-trimethyl benzoyl)- phosphine oxide (PBPO); Poly (dimethyl siloxane) (PDMS). Source:
adapted from [66].

Among the possible polymers used in the synthesis of these compounds stands
out the macroporous monoliths of polyacrylamide, obtained from the polymerization of
acrylamide molecules (Aam) with the cross-linking forming agent N, N′-methylene-bis-
acrylamide (BAam), added or not from other monomers (such as allyl glycidyl ether, AGE),
under conditions of moderate freezing (−10 ◦C to −20 ◦C), using the technique known as
cryogeleification [67]. The monoliths thus synthesized are called polyacrimide cryogels
(pAAm), and their use has been reported by several authors such as Carvalho et al. [32],
Machado et al. [50], and Mól et al. [55].

During the cryogeleification process, growing ice crystals are responsible for the devel-
opment of the macroporous structure. More than 90% of the monolith is composed of water
and only 10% is the gel phase, i.e., polymer with strongly joined water, so ice crystals play
the role of porogenic models, that is, the shape and size of the crystals determine the shape
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and size of pores that develop during cryogen synthesis [68–70]. Vainerman [71] studied
the formation dynamics of cryogels using freezing temperatures of −10 ◦C, −20 ◦C, and
−30 ◦C and realized that at the temperature of −10 ◦C, the pores formed were higher [71].
This characteristic occurs because when higher temperatures are used in the cryogeleifi-
cation process, freezing occurs more slowly, resulting in the development of larger ice
crystals, and larger pores were formed when the higher temperature was used. However,
temperatures well above freezing gels do not allow for the formation of a macroporous gel,
as observed by Plieva et al. [68] when they studied cryogels with the same concentrations
but submitted to temperatures of −20 ◦C and 20 ◦C. It is known that the structure of the
gel formed at 20 ◦C is compact and has smaller pores, while cryogel formed at −20 ◦C
presents large and interconnected pores ranging from 10 µm to 100 µm, which reinforces
the importance of cryogeleification in the synthesis of these compounds.

Despite the advantages presented by polymeric cryogels, the large pores and the
high porosity of their structure make their surface area smaller than that of traditional
chromatographic columns, reducing the efficiency of the purification process. On the
other hand, the properties of cryogels can be transformed post-fabrication with processes
called functionalization or activation, which consists of chemically or physically modifying
the surface of such columns [72]. A viable alternative is to transform polymeric cryogels
into adsorbents of specific affinity, through grafting of the same in solutions containing
binder groups of interest, thus providing a good alternative to traditional affinity-based
chromatography matrices [73–75].

Since there is a wide variety of monolithic supports that are available for purifying
the most diverse existing biomolecules, there is not one universal solution. To improve
the process of using monolithic beds as support for the immobilization and purifica-
tion of biomolecules, several approaches to the immobilization of affinity ligands have
been reported [76].

In adsorption processes, the conformation and apparent activity of the immobilized
or purified biomolecule are influenced by the properties of the monolithic column used
with support. The reactive groups in most cases are inserted on the surface of the polymer
matrix to provide the formation of a covalent bond between the biomolecule and the
support. Each immobilization method presents a different chemical reaction to achieve
maximum adsorption of percolated biomolecules. Cryogel functionalization techniques
mean immobilization via covalent binding, biospecific adsorption, and cation activation,
among others [77,78]. In these techniques, functionalization is performed through the
circulation of solutions containing reticulating agents through the monolithic column or
through immersion of the support in the solution containing the ligand groups. Reactive
groups, such as epoxy groups, are introduced to the surface of the support to allow the
formation of a covalent bond between the biomolecule and the support in the subsequent
step. The insertion of new chemical structures on the surface allows us to obtain stationary
phases that have a more or less specific relationship with a particular protein. Table 5 shows
the main binders used in the functionalization of cryogels as well as the techniques used.

Table 5. Cryogel functionalization techniques.

Technique Binders Application References

Glutaraldehyde method β-D-Galactosidase immobilized
in Chitosan

Continuous lactose hydrolysis and synthesis
of galactooligosaccharides (GOS) [79]

Cellular immobilization poly (vinyl alcohol) PVA Continuous synthesis of alkyl galactosides by
transgli cosiled [68]

Covalent ligation Theiminodiatic cido (IDA) Direct capture of unclarified crude
oil enzymes [80]
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Table 5. Cont.

Technique Binders Application References

Covalent ligation Ligands of anionic exchange
[group 2-(dimethylamino)ethyl] Purification of Escherichia coli cells

Immobilization technique
enzymatic, epoxy method Human serum albumin (HSA) Purification of biomolecules [81]

Chemical coping α-chymotrypsin enantioselective hydrolysis from a D,
L-Phe-OEt Schiff base (D, L-SBPH) [82]

Immobilization technique by
epoxy method

Polietyleneimine immobilized
(PEI),

polymyxin B (PMB) and lysozyme
Capture of bacterial endotoxins (BEs) [83]

In this context, among the various matrices, there are notable differences concerning
the chemical properties of monomers used in the column synthesis process. This fact should
be considered, especially with the presence of specific functional groups. The functional
group of the monomer, such as the epoxy groups provided by the AGE monomer, can
be used in a future stage of the reaction as an anchoring group to immobilize specific
ligands or to improve specific properties such as hydrophilicity, hydrophobicity, pH, or
activation temperature [84]. For proper application of a monomer, monoliths with various
performances can be designed, as observed by Ingavle et al. [78], in the use of functionalized
cryogels with epoxy groups departing from glycidyl methacrylate (GMA) for the removal
of biotoxins using the protective antigen of anthrax toxin.

In the functionalization stage, some aspects should be observed to improve the prop-
erties and avoid certain problems in the use of these columns, such as steric impediment.
Thus, the formation of spacer arms minimizes or solves the related problem by expanding
the possibilities of interaction, since it increases accessibility to all the binding centers
available in a protein. In contrast, spacer arms can promote the non-specific interactions of
various proteins on the matrix [51,76].

It is known that supports with epoxy groups on their surfaces are among the most
used because the epoxy groups can easily react with amine (NH2), thiol (SH), or hydroxyl
(OH) groups of proteins and form very stable covalent bonds. In addition, epoxy groups
are very stable at pH values close to neutral, which makes the support containing these
groups suitable for long storage periods. One method that supports a macroporous matrix
containing reactive epoxy radicals is the glutaraldehyde method [13,85]. In this method, a
monolith containing reactive epoxy groups (epoxy-activated monolith) is initially converted
to the amine form (amine-activated monolith) by a reaction of epoxy groups with reagents
containing amine grouping, such as ethylenediamine. The amine-activated monolith then
reacts with glutaraldehyde, forming an aldehyde-activated monolith capable of reacting
with an amine grouping of molecules [13,51]. Lysozyme, also known as N-acetylmuramide
glycanohydrolase, is an enzyme that aids digestion. It is present in most cells, such as
spleen, and secretory fluids, such as tears and milk. Lyases are members of a family of
enzymes known as hydrolases, which break covalent bonds through water. These digestive
enzymes have high market value due to their vast potential applications, including in the
pharmaceutical and food industries. They are used in the food industry as additives to
dairy products, as cell disruptors to release intracellular products in bacteria, as medici-
nal agents for ulcers and infections, and in various other applications [86,87]. There is a
diverse selection of cryogels, each with distinct physicochemical and porosity properties
that make them potentially suitable carriers for cell immobilization. These features include,
similar to biopolymer immobilization, cell immobilization using cryogel-type surfaces,
which can be accomplished using either attachment (covalent or adsorption) or entrap-
ment techniques [88–90]. This is because the immobilization of cells is comparable to the
immobilization of biopolymers. To entrap cells in the pore walls of a spongy cryogel, the
organism (such as bacteria, spores, or organelles) is first suspended in a gel solution (such
as monomers or reactive polymers and cross-linking agents for polymerization gelation).
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The mixture is then subjected to cryogenic treatment to achieve the desired result of cell
adhesion within the tear pore walls.

As a result, a super-macroporous matrix is produced. This matrix encapsulates immo-
bilized cells within a cross-linked gel phase of the pore walls. It is essential to emphasize
that organic materials can be made from organic polymers. An inorganic polymer, such
as a cryo-silica gel, should not ignore this possibility. This is an example of something
that is possible (freeze-melted silica gel) [91,92]. The main advantage lies in the ability to
form a long spacer arm between the cryogel and the switcher, avoiding possible effects of
steric impediment, which can lead to a greater capacity of immobilization of the ligand and
purification of the target molecule [9,93]. The method presents better results when com-
pared to others, as evaluated by Gonçalves et al. [9], which obtained data on carbohydrate
immobilization capacity in monolithic columns using the methods of Schiff base, epoxy,
ethylenediamine, and glutaraldehyde. The latter presented the highest immobilization
capacity, with about 147 mg of carbohydrate per gram of cryogel; thus, it is being used
to evaluate the immobilization of different sugars in cryogel, aiming at an application for
the purification of lectins with different specificities. Based on this evaluation, further
research in this area is of fundamental importance to expand knowledge and contribute to
the optimization of such a process.

6. Conclusions

Studies on unconventional adsorbents, such as chromatographic supports, can substan-
tiate, enrich, and assist projects in various areas of knowledge. Polyacrylamide cryogens are
emerging and efficient, and can be synthesized and have their matrices modified for multi-
ple purposes and chromatographic techniques. They are also functional and have low costs
compared to conventional chromatographic adsorbents. In this context, lectins can mainly
be used in the prevention of autoimmune diseases and in studies with biosensors. Thus,
the use of polymeric macroporous monolithic adsorbents applied in the purification of
lectins using affinity chromatography is an alternative to obtaining functional biomolecules
with a high degree of purity, has low synthesis cost, is versatile in terms of application
when compared to commercial columns, and has the potential to act as a biosensor. It also
can be used on an industrial scale to increase people’s quality of life.
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86. Baydemir, G.; Türkoğlu, E.A.; Andaç, M.; Perçin, I.; Denizli, A. Composite cryogels for lysozyme purification. Biotechnol. Appl.
Biochem. 2015, 62, 200–207. [CrossRef]

87. 20Bulut, E.; Sargin, I.; Arslan, O.; Odabasi, M.; Akyuz, B.; Kaya, M. In situ chitin isolation from body parts of a centipede and
lysozyme adsorption studies. Mater. Sci. Eng. C 2017, 70, 552–563. [CrossRef]

88. Kaetsu, I. Radiation Synthesis of Polymeric Materials for Biomedical and Biochemical Applications. Recent Trends in Radiation Polymer
Chemistry; Springer: Berlin/Heidelberg, Germany, 1993; pp. 81–97. [CrossRef]

89. Kumakura, M. Preparation method of porous polymer materials by radiation technique and its application. Polym. Adv. Technol.
2001, 12, 415–421. [CrossRef]

90. Lusta, K.; Chung, I.; Sul, I.; Park, H.-S.; Shin, D.-I. Immobilization of fungus Aspergillus sp. by a novel cryogel technique for
production of extracellular hydrolytic enzymes. Process Biochem. 2000, 35, 1177–1182. [CrossRef]

91. Cocquempot, M.F.; Thomas, D.; Champigny, M.L.; Moyse, A. Immobilization of thylakoids in porous particles and stabilization
of the photochemical processes by glutaraldehyde action at subzero temperature. Eur. J. Appl. Microbiol. Biotechnol. 1979, 8, 37–41.
[CrossRef]

92. Scardi, V. Immobilization of enzymes and microbial cells in gelatine. Methods Enzymol. 1987, 135B, 293–299. [CrossRef]
93. Luo, Q.; Zou, H.; Zhang, Q.; Xiao, X.; Ni, J. High-Performance Affinity Chromatography with Immobilization of Protein A and

L-Histidine on Molded Monolith. Biotechnol. Bioeng. 2002, 80, 481–489. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/09205063.2015.1078928
http://doi.org/10.1002/bab.1259
http://doi.org/10.1016/j.msec.2016.08.048
http://doi.org/10.1007/BFb0018049
http://doi.org/10.1002/pat.69
http://doi.org/10.1016/S0032-9592(00)00158-8
http://doi.org/10.1007/BF00510264
http://doi.org/10.1016/0076-6879(87)35086-4
http://doi.org/10.1002/bit.10391

	Introduction 
	Lectin Activity 
	Lectin-Carbohydrate Interaction 
	Purification of Lectins 
	Monolithic Polymeric Cryogels 
	Conclusions 
	References

