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Abstract

The production of polymeric monolithic structures with highly interconnected pores has attracted the attention of research-
ers, since developing adsorbents that allow for purifying biomolecules while maintaining their bioactivity is essential in
several fields. The monoliths are versatile in their use and functionalization possibilities. A novel approach was used in the
operation with butyl amine of polyacrylamide cryogels with alkyl glycidyl ether for use in hydrophobic interaction chroma-
tography. The results of the FTIR and TGA thermogravimetric spectroscopy analyses indicated success and scanning electron
microscopy analyses confirmed a macroporous structure. Values found for the swelling capacity, degree of expansion and
porosity corroborated the literature and the high permeability demonstrated the ease of flow in the produced matrices. We
evaluated the adsorption of bovine serum albumin (BSA) in the adsorbent. The Langmuir model adequately adjusted to the
data obtained and non-linear van't Hoff analysis was used to determine the variation of the thermodynamic properties for
the adsorption process, which occurred spontaneously (AG,4, <—20.0 kJ mol™") for all temperatures. Weverified that the
maximum adsorption capacity (q,,,,) ranged from 696.28 to 1735.56 mg g !. The developed matrix showed potential for
application in capture processes by hydrophobic interaction.

Keywords Hydrophobic interaction - Enthalpy - Entropy - Gibbs free energy

Introduction

The development of new bioseparation strategies and bio-
technological processes, including chromatographic tech-
niques, has grown considerably in the chemical and food
industry (Wen et al. 2020). Chromatography is a physi-
cal-chemical process used to separate biomolecules, with
the aim of isolating and purifying one or more compounds
of interest in a given solution, leading to the appropriate
purity for its specific use (Jungbauer 2005). Separation and
purification can occur in several ways, including an affinity
for compounds of interest, ion exchange between available
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molecules and hydrophobic interactions (Wen et al. 2020;
Jungbauer 2005).

Hydrophobic interaction chromatography has advantages
over other types of chromatography, as it achieves rapid sep-
aration with little product degradation and high purification
levels (Tirkmen and Denizli 2014). This technique uses the
hydrophobic regions of proteins to separate them. Acording
to Fontan et al. (2018), the process is based on reversible
interactions formed between the hydrophobic zones present
on the surface of the protein and the hydrophobic ligand of
a chromatographic resin. When salt is added to the protein
solution, the hydrophobic regions are exposed because of
the disruption of the water solvation layer of the proteins.
Thus, proteins tend to interact more with the hydrophobic
matrix, which makes separation possible (Chen et al. 2008).

Among the existing chromatographic resins, macroporous
cryogels are particularly interesting for use in purification
processes of macromolecular biocomposites, such as pro-
teins from less clarified media, as they reduce the number
of required steps (Mol et al. 2017). Cryogels are matrices
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of polymeric gels formed at freezing conditions (formed
ice crystals act as porogenic agents, giving shape and size
to the pores created after thawing). This process generates
continuous and interconnected macropores that provide low
resistance, allowing easier flow (Plieva et al. 2004; Ertiirk
and Mattiasson 2014). These highly porous polymeric mate-
rials can be produced from different monomers and present
a wide variety of morphologies and porosities (Plieva et al.
2009; Kumar et al. 2006). Chemical and physical modifica-
tions can be made to the cryogel matrix to increase its selec-
tivity according to the product of interest to be purified, thus
increasing the efficiency of the separation processes (Kumar
et al. 2006; Ingavle et al. 2015; Gongalves et al. 2016). With
the introduction of new chemical structures (hydrophobic
groups) on the surface, it is possible to obtain stationary
phases that interact more or less specifically with a particular
protein (Ertiirk and Mattiasson 2014).

In order to improve the use of cryogels, several method-
ologies for functionalizing their surfaces have been studied
(Andag et al. 2016). These functionalizations are performed
by inserting reactive groups, which interact with the amine
(NH,), thiol (SH), and hydroxyl (OH) groups. Therefore, it
is important to have specific functional groups in the mate-
rial structure. Epoxy groups, such as allyl-glycidyl ether
(AGE), are an example of functional groups of monomers.
The epoxy groups can be used in a future reaction step as
an anchoring group to immobilize specific ligands or to
improve properties such as range of pH stability, hydrophi-
licity, hydrophobicity, or activation temperature (Savina
et al. 2005). The glutaraldehyde method is widely used in
functionalizing the cryogel surfaces containing these mono-
mers, where the adsorbent containing reactive epoxy groups
(epoxy-activated) is initially converted to the amine-acti-
vated form by means of epoxy group reactions with rea-
gents containing an amine group, such as ethylenediamine
(Ingavle et al. 2015). The amine-activated monolith reacted
with the glutaraldehyde, forming an aldehyde-activated
monolith capable of reacting with amine radicals of the
linker molecule. The support is used in the same manner as
with the Schiff base method (Kumar et al. 2006) but has the
advantage of forming a long spacer arm between the mono-
lith and the ligand. This avoids possible steric hindrance
effects (Savina et al. 2005; Guo et al. 2014), which may
result in higher ligand immobilization capacity to purify the
target molecule.

To ensure the radicals of interest are linked to the chro-
matographic matrix to give it desirable interaction charac-
teristics without significantly affecting operational aspects
(such as the presence of macropores) it is important to char-
acterize the material produced using tools such as FTIR
spectroscope, TGA thermogravimetric analysis and scan-
ning electron microscopy (Plieva et al. 2004). In addition
to the physical characteristics, it is necessary to know the
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adsorptive behavior of the material produced. For this, it
is essential to determine the adsorption isotherms and use
thermodynamic analysis to obtain the balance data regard-
ing protein retention in the chromatographic column (Ertiirk
and Mattiasson 2014; Plieva et al. 2008; Kumar et al. 2006).

Thus, the objective of the work was to develop and char-
acterize a butyl functionalized hydrophobic macroporous
cryogel concerning physical, chemical, adsorptive and ther-
modynamics aspects.

Materials and methods
Reagents

The following materials were used for cryogel produc-
tion: acrylamide (AAm), bis-acrylamide (BAAm), butyl-
amine, N,N,N',N'-tetramethylethylenediamine (TEMED),
ammonium persulfate (APS), allyl-glycidyl-ether (AGE),
ethylenediamine, sodium phosphate and sodium borohy-
dride. All reagents used were of PA-ACS purity grade and
acquired from Sigma-Aldrich (St. Louis, USA). BSA, purity
grade >96%, was acquired from Sigma-Aldrich (St. Louis,
USA).

Monolithic cryogel synthesis

The cryogels were synthesized according to Kumar et al.
(2006) and Yao et al. (2006), with modifications. Initially,
44 g of AAm, 1.2 g of BAAm and 1.4 g of AGE were
weighed, making a final monomer concentration of 7% w/v
for a final solution volume of 100 mL. Polymerization was
done by adding of 140 uL of APS (0.5 mg mL™!) and 91
pL of TEMED. The mixture was stirred in an ice bath and
poured into 5 mL plastic syringes. The syringes were sealed
and immersed in an ethyl alcohol bath at — 12 °C for 24 h.
The formed cryogels were then thawed at cooling tempera-
ture (5 °C) and the syringes were placed open in a 60 °C
oven until the cryogels were completely dry. The ends of the
cryogel pieces were cut to remove defective parts and were
washed with 150 mL of distilled water using a peristaltic
pump at a flow rate of 1.5 mL min~'. The cryogels were
again dried in an oven and the masses were determined in
an analytical balance.

Functionalization of cryogels for adsorption
by hydrophobic interaction

For the functionalization process with butylamine, the glu-
taraldehyde method in a batch system was adapted from Da
Silva et al. (2019). The dry cryogels, about 3 cm in height,
1 cm in diameter, and an average weight of 250 mg (dry
weight), were placed under rotating agitation at 25 RPM



Brazilian Journal of Chemical Engineering (2022) 39:815-823

817

at all steps of the process, using closed 20 mL syringes. At
each step, i.e. when the solution was changed, the cryogels
were gently compressed by hand to remove excess solution
from the previous stage.

The cryogels were placed in contact with 20 mL of
methyl alcohol for 2 h. They were kept in contact with 20
mL of distilled water, followed by contact with 20 mL of
0.05 mol L™! pH 6 sodium phosphate buffer (PBS), both
with a contact time of 1 h. They were immersed in 20 mL of
0.5 mol L™! ethylenediamine in PBS and kept under stirring
for 14 h at room temperature (25 + 2) °C.

After this step, the cryogels were washed with distilled
water and then immersed in 20 mL of PBS, with each stage
lasting 1 h. The cryogels were placed in contact with 20 mL
of 5% glutaraldehyde solution in PBS, at a controlled tem-
perature of (12.0+0.5) °C for 5 h. The cryogels were rinsed
twice with 20 mL distilled water for 30 min to remove excess
glutaraldehyde. The aldehyde-activated cryogels were kept
in contact with 20 mL of 10 mg mL™! butylamine solution
in PBS for 14 h at room temperature (25 +2) °C.

The matrices were immersed in 20 mL of PBS for 1 h and
then in 20 mL of 0.1 mol L™! sodium borohydride solution
in PBS for 60 min with the flasks open. Finally, to block
unreacted epoxy and carboxyl radicals, the cryogels were
washed with 20 mL of distilled water, followed by 20 mL
of 0.1 mol L™! ethanolamine in PBS and again 20 mL of
distilled water, with the last three steps lasting 1 h each.
After the inclusion of functional groups, the cryogels were
placed in an oven at 60 °C and a supermacroporous mono-
lithic adsorbent column with hydrophobic interaction was
obtained after drying.

Cryogel characterization

To characterize the cryogel produced and later functional-
ized, the analyses were carried out following the methodolo-
gies proposed by Savina et al. (2005) for swelling capacity
(S), Fontan et al. (2018) for degree of expansion (ED), and
Plieva et al. (2004, 2009) for porosity. Scanning electron
microscopy (SEM), Fourier transform infrared spectros-
copy (FTIR) and thermogravimetric analysis (TGA) were
performed using the methodologies proposed by Da Silva
et al. (2019).

Adsorption isotherms

Isotherms data were obtained using the batch method as
reported by Carvalho et al. (2013), Verissimo et al. (2017),
and Oliveira et al. (2019). The experimental data were fitted
to the Langmuir (1916) model. Aqueous solutions (4 mL)
containing different amounts of BSA (0.1-15 mg mL ™! ini-
tial concentration) in sodium phosphate buffer (0.03 mol L™";
pH 7.2) added to 2.0 mol L™! sodium sulfate were incubated

in Falcon plastic tubes with 30 mg cryogel under agitation
and placed in a BOD oven for 24 h. The adsorption iso-
therms were obtained experimentally, in triplicate, at tem-
peratures of 298.15, 308.15, 318.15, and 328.15 K. After
24 h, the solution was separated from the supernatant by
centrifugation at 1500g for 10 min. The Bradford (1976)
method was used to quantify the protein in the initial solu-
tion and the supernatant, with a spectrophotometer reading
at 595 nm. The amount of adsorbed BSA was determined
according to Eq. (1):

. (Co-C)-V W

m

where q is the amount of protein adsorbed in dry cryogel
(mg protein/g cryogel); Cy and C are the initial and final
protein concentrations (mg mL™!); V is the solution volume
(mL); and m is the dried cryogel mass (g).

Thermodynamic analysis

From the adsorption equilibrium data, a van't Hoff analysis
was performed to determine the thermodynamic parameters
AH,,,AS,, and AG, , using Egs. (2) and (3), and the meth-

odology proposed by Bonomo et al. (2006) and Ueberbacher
et al. (2010).

—AH°ads = AS°ads
InK' = 0
n RT + R + 2)
/ b c
InK = —+—=+40
K =a+ 4+ 3)

With K' being the equilibrium constant, AHZ1 s and AS; s
the changes in enthalpy and standard entropy of adsorption,
R the universal constant of gases, T the temperature and
O a system constant that depends on the ratio between the
phases.

Results and discussion

Synthesis, functionalization and characterization
of the matrices produced

The produced matrices presented a rigid, spongy and homo-
geneous structure, with a cylindrical shape due to the syringe
mold. The control cryogels presented a white color while the
functionalized cryogels were yellow (Fig. 1). The yellowish
color was due to the formation of Schiff bases in the func-
tionalization process, which is a precursor of the pigments
formation from the Maillard reaction (Da Silva et al. 2019).
When hydrated, they presented desirable properties, such
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Grafted

=

Fig. 1 Image of the control and functionalized (grafted) cryogels pro-
duced in the experiment

Table 1 Characterization of the control and functionalized cryogels

Parameter Control Functionalized
Swelling capacity (kg kg™!) 10.89+0.31 10.75+1.43
Degree of expansion (L kg™!) 10.87+1.87 10.40+3.93
Fraction of macropores* 0.688 +0.006 0.647 +0.005
Meso and micropore fraction* 0.183 +0.005 0.216+0.005
Binding water fraction 0.045+0.009 0.051+0.020
Dry polymer fraction 0.084 +0.002 0.086+0.010
Total porosity 0.871+0.011 0.863+0.010

Average values obtained for swelling capacity (S), degree of expan-
sion (ED), and pore fractions of the matrices produced

*Significant difference between treatments in t test at 5% significance
level

as high porosity. The cryogels maintained their structural
characteristics after being dried and rehydrated.

Table 1 shows the results obtained for the swelling capac-
ity (S), degree of expansion (DE) and pore fractions. The
swelling capacity of the produced cryogels did not differ sta-
tistically (p> 0.05), indicating the activation did not promote
a change in the cryogel structure in the ability to hydrate
(Ertiirk and Mattiasson 2014). The degree of expansion (DE)
decreased in the functionalized cryogel, since the incorpo-
ration of hydrophobic monomer in a cryogenic network
increased the hydrophobicity of the prepared cryogels. The
S and DE values obtained in this work are within the ranges
reported for polyacrylamide cryogels in several works (Sahi-
ner 2018, Ingavle et al. 2015, Osman et al. 2019, Fontan et al.
2018; Mol et al. 2017; Da Silva et al. 2019; Gongalves et al.
2017). For total porosity, the activated and control cryogels
showed no significant difference (p >0.05) between them.
With the functionalization however, there was a reduction
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in the fraction of macropores and mesopores, with a small
elevation in the fraction of smaller pores in the inclusion
of the spacer arms because of the polymerization potential
presented by glutaraldehyde used in this process. This fact
caused some of the macropores to behave like micro and
mesopores because they were partially obstructed, which
affected the flow dynamics inside them. The values found
were consistent with those observed in other studies involv-
ing polyacrylamide cryogels (Demirci and Sahiner 2021;
Bayramoglu and Arica 2021; Da Silva et al. 2019; Gongalves
et al. 2017; Verissimo et al. 2017; Wang et al. 2013).

Regarding the morphological evaluation of the produced
matrices, scanning electron microscopy (SEM) analysis was
used (Fig. 2). The matrices presented a homogeneous struc-
ture, with large and interconnected pores in the control (A
to B) and functionalized (C and D) matrices, following what
has been reported by several authors (Gongalves et al. 2017;
Verissimo et al. 2017; Nascimento et al. 2019). The pore size
was large enough for the passage of both macromolecules, as
well as microbial cells, cellular fragments and even concen-
trated and particulate solutions, which facilitate purification
processes with fewer steps (Gongalves et al. 2017; Verissimo
et al. 2017).

FTIR analysis was used to evaluate the inclusion of char-
acteristic functional groups during the functionalization pro-
cess. The spectra obtained are presented in Fig. 3.

In both structures, a strong band characteristic of the
C=O0 group stretched from AAm and BAAm used in the
cryogel synthesis process can be observed in the infrared
region (1650 cm™!). In studies using polyacrylamide cryo-
gel, FTIR spectra show strong bands in the same wavelength
region (Asgari et al. 2014; Verissimo et al. 2017; Coates,
2006).

Other specific bands were observed in the 920 and
1067 cm ™! regions in functionalized cryogels and this sug-
gests the presence of functional amine groups, due to the
presence of immobilized butylamine molecules in the cryo-
gel. The band at 1100 cm ™' suggests the presence of C—O
present in epoxy radicals from the AGE (Da Silva et al.
2019). Another important observation was in the range
between 1190 and 1250 cm ™! of the non-activated cryogel,
where there was a band at 1235 cm™! that disappeared after
activation. The reference band may be associated with the
presence of C—O present in alcohol or of C—N bonds of
amine groups. (Verissimo et al. 2017; Coates 2006).

Thermogravimetric analysis was performed and the
results are shown in Fig. 4.

A total of three thermal events can be observed between
the two polymeric matrices. At temperatures between 50
and 100 °C, weight loss occurs, which was attributed to
water evaporation, demonstrating that the cryogel contains
a large amount of water bound to the polymer. The struc-
ture thermally stabilized at approximately 652 °C. Thus, the
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Fig.2 SEM micrographs of the cryogel matrices. Control A X250 and B x500. Functionalized C X250 and D X750
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Fig. 3 FTIR spectra of the cryogels produced. a Spectrum from 650 to 4000 cm™!. b Emphasis on the 650-1300 cm™! region to show the differ-
ences between the control and functionalized (grafted) cryogels
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Fig.4 TGA curves of the control (A) and functionalized cryogels (B)

thermograms of the cryogels followed the changes during
the degradation process of the compounds present in the
polyacrylamide monolith. During the thermal degradation
of the components in the cryogels, an endothermic peak
was observed at temperatures below 100 °C, which was
attributed to the losses of free and polymer-bound water
and other volatile species. Above 200 °C, a broad exother-
mic peak between 270 and 400 °C was observed, resulting
from the degradation of polyacrylamide for both the acti-
vated and control cryogels (Fontan et al. 2018; Mol et al.
2017). An exothermic peak was observed between 415 and
580 °C, which could be associated to degradation of a more
crosslinked structure due to glutaraldehyde interactions in
spacer arms formed in the functionalization process. (Rim-
dusit et al. 2012).

Adsorptive behavior

Figure 5 shows the experimental adsorption isotherms of
BSA in hydrophobic cryogel, considering the effect of tem-
peratures of 298.15, 308.15, 318.15 and 328.15 K.

The adsorptive capacity of the protein decreased with
increasing temperature. The temperature effect is a complex
phenomenon, which can affect both the physical-chemical
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Fig.5 Experimental data and predicted values by the Langmuir
model (-), at different temperatures

properties of the adsorbent and the properties of the solute,
such as conformational and configurational changes in pro-
teins (Shahabadi and Hadidi 2014). In general, the increase
in temperature causes the protein to change its three-
dimensional arrangement, modifying its secondary and/or
tertiary structure, which exposes the hydrophobic regions.
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Generally, an increase in temperature causes an increase
in adsorption capacity. In this study however the inverse
occurred, which indicates that other variables affected this
process. One of these variables was the saline concentra-
tion, which in this study was much higher than in previous
experiments, e.g. Bonomo et al. (2006) and Ueberbacher
et al. (2010). The effects of salt in solution on the interaction
of the protein with adsorbents have been extensively inves-
tigated over several decades. Both of these studies indicate
saline compounds increase the surface tension of the solu-
tion, increasing the molecular aggregation between proteins.
This molecular aggregation can hide the hydrophobic sites
that were exposed, reducing the hydrophobic interaction
between the adsorbent and the adsorbate (Shahabadi and
Hadidi 2014). In addition, the increase in temperature asso-
ciated with high salt concentrations can cause elongation
in the protein structure. Therefore, the interactions between
hydrophobic regions of the protein were possibly reduced
with the binding site of the adsorbent surface, reducing the
interaction (Berezovskaya et al. 2013). These results are
similar to Kundu et al. (2016), who studied the synergis-
tic effect of temperature and salt concentration on protein
adsorption and realized the increase in temperature increases
the adsorption of this type of biomolecule when there is
no salt in the solution. As the salt concentration increases
however, there is a weak attraction between adsorbent and
adsorbate.

Table 2 shows the adjusted parameters of the Langmuir
model and the value of the coefficient of determination (R?).
In all cases, the parameters were significant (p <0.05), and
the determination coefficient equal to or greater than 0.91.

The Langmuir K isotherm parameter (mL mg ") reflects
the nature of the adsorbent material and can be used to
compare the adsorption performance. This parameter is
related to the interaction forces between the adsorbent and
the adsorbent. Thus, the higher the value of this param-
eter the greater the probability of adsorption (Langmuir,
1916; Azizian et al. 2018). The results of this study how-
ever did not follow this direction, since the temperature of
318.15 K resulted in the highest K, value (2.350 mL mg ™)
but not the highest adsorption value. Bonomo et al (2006)
and Geggel and Uner (2018), studying the adsorption of
BSA on hydrophobic adsorbents, obtained K_ values in the

Table 2 Fitted parameters of the isotherm models for BSA adsorption
at different temperatures

Temperature (K) Quax (Mg g7 K, (mL mg™") R?

298.15 1735.56 1.001 0.95
308.15 1133.65 2.067 0.94
318.15 946.34 2.350 0.91
328.15 696.28 1.981 0.96

range of 0.03-0.28 mL mg ! and 0.0093-0.4352 mL mg !,
respectively.

This is because obtaining the K parameter does not take
into account the saline concentration present in the solution.
According to Langmuir (1916), K, represents the affinity of
the adsorbate for the binding site and assumes the forces are
applied by atoms of unsaturated surfaces, therefore they do
not extend more than the diameter of the adsorbed molecule
and thus the adsorption is restricted to a monolayer. There-
fore the high concentration of sodium sulfate, together with
the increase in temperature, increased the size and diam-
eter of the molecule. This fact interfered with the interac-
tion between the hydrophobic zones of the protein and the
adsorbent surface.

Thermodynamic analysis

Based on the parameters studied, the hydrophobic interac-
tion process became less favorable with the increase in tem-
perature, which was verified by the reduction in saturation
capacity adjusted in the Langmuir model. Conformational
changes occurred in the protein used and configurational
changes occurred throughout the system as a function of
temperature. Thermodynamic analysis clarified these phe-
nomena. The van’t Hoff graph is presented in Fig. 6 and the
estimated values for the variation of the standard thermody-
namic properties of Gibbs free energy adsorption, enthalpy,
and entropy (multiplied by Kelvin temperature) are shown
in Fig. 7.

As shown in Fig. 7, the adsorption process was sponta-
neous (AG® < zero) at all temperatures studied. There was a
tendency to enthalpic-entropic compensation in the process,
especially above 308.15 K.

The evaluated adsorption process tends to become exo-
thermic with increasing temperature. At the two lowest
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Fig.6 Van't Hoff graph for nonlinear analysis
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Fig.7 Thermodynamic properties as a function of temperature in the
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temperatures evaluated (298.15 and 308.15 K), the pro-
cess was entropically directed, becoming enthalpically
directed at the other temperatures evaluated (318.15 and
328.15 K). This suggests that conformational changes in
protein at lower temperatures promoted a greater exposure
of hydrophobic groups for adsorption to occur, even though
the process is not enthalpically advantageous, requiring
energy (Chen et al. 2007). At higher temperatures, despite
the adsorption process becoming interesting from an entrap-
ment point of view, the BSA molecules may have acquired
a configuration at such a denaturation level that, even with
the exposure of hydrophobic groups to adsorption, they
caused a greater spatial impediment on the active sites of
the adsorbent, which reduced the configurational entropy of
the system and consequently the amount of BSA adsorbed.
This behavior is contrary to that reported in studies involving
hydrophobic interaction (Chen et al. 2007; Unler 2013). This
study however used a higher salt concentration than previous
studies, which resulted in the increased hydrophobic effect.
The combination of the high concentration of sodium sulfate
with the increase in temperature may have promoted this
characteristic (Bigman and Levy 2018).

Conclusion

An adsorbent was produced with potential use in chroma-
tographic techniques based on hydrophobic interaction
focused on the purification and protein capture processes.
The adsorbent was characterized for chromatographic appli-
cations and the functionalization process did not lead to sig-
nificant differences in the analyzed parameters, except for
the fraction of macropores and micropores that showed a dif-
ference between treatments. The adsorption capacity of the
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BSA decreased as the temperature increased. The adjusted
parameters of the Langmuir isotherm model were satisfac-
tory and the non-linear van’t Hoff analysis confirmed the
spontaneous nature of the adsorption process.
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