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ABSTRACT

The aim of this study is to investigate the usability of cryogel columns for the purification of invertase
from Saccharomyces cerevisiae. Poly(2-hydroxyethyl methacrylate) monolithic columns were produced
via cryogelation. Ester groups of the poly(2-hydroxyethyl methacrylate) structure were then converted
to imine groups by the reaction with poly(ethylene imine) in the presence of NaHCOs. Transition metal
ions, Cu(ll), Co(ll), and Ni(ll), were chelated on the PEI-modified cryogel columns. Purification of invertase
from natural source namely S. cerevisiae was also studied, and the purification fold values were
obtained as 41.350, 44.714, and 30.302 for Cu(ll)-chelated, Co(ll)-chelated, and Ni(ll)-chelated PHEMA/PEI

columns, respectively.

Introduction

Invertase or officially named B-fructofuranoside fructohydro-
lase (EC 3.2.1.26) is an enzyme used to manufacture invert
sugar. It catalyzes the hydrolysis of sucrose into equimolar
mixture of D-glucose and D-fructose (Kim et al. 2011).
Hydrolysis of sucrose by invertase rather than acid has some
preferences such as colorless product, higher yield, and no
salt content (Andjelkovi¢ et al. 2015) Because invert sugar is
less prone to crystallization and sweeter than sucrose itself,
invertase is widely used in food industry (Veana et al. 2014).
It is also used for bee feeding, production of certain organic
acids, alcohol, and plasticizing agents (Andjelkovi¢ et al.
2015). Furthermore, invertase acts as a transfructoslating
enzyme to produce fructooligosaccharides (FOS) known as
neo-sugars (Kim et al. 2011). Since FOS are nondigestible car-
bohydrates and reduce cholesterol levels, they are used in
low-calorie foods for consumption by especially diabetics
(Rustiguel et al. 2011). In nature, invertase exists in plants,
certain animal tissues, and various microorganisms (Yucekan
and Onal 2011). Among microorganisms, Saccharomyces cere-
visiae is a good candidate as a source of invertase since it is
nonpathogenic and nontoxicogenic (Andjelkovic¢ et al. 2010).
Hydrogels produced under semi-frozen conditions, i.e., cry-
ogels, have attracted great interest in bioseparation applica-
tions (Derazshamshir et al. 2016, Soomro et al. 2016).
Cryogels have supermacropores with diameter up to 100 um
and flow channels which provide convective transport of
solution (Baydemir and Denizli 2015, Kumar and Srivastava
2010). It leads efficient mass transfer, low pressure drop, and
short process time (Ersoz et al. 2014). Immobilized metal
affinity chromatography (IMAC), first presented by Porath
et al. in 1975, is a technique based on the interactions
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between support materials and biomolecules via metal ion
coordination. IMAC presents effective results in the purifica-
tion of a variety of proteins and peptides (Bereli et al. 2010,
Block et al. 2009, Zhang et al. 2005).

Different strategies, including ammonium sulfate precipita-
tion (Nadeem at al. 2009, Nguyen et al. 2005, Sivakumar et al.
2013) and a wide range of chromatographic techniques, have
been used for the purification of enzymes including invertase
from different natural sources (Akkaya et al. 2009, Bhatti et al.
2006, Guimaraes et al. 2007, Kayirhan and Celebi 1999,
L'Hocine et al. 2000, Uygun et al. 2014). Pomegranate peel
waste was used as substrate in order to produce invertase
from Cladosporium cladosporioides by submerged fermenta-
tion (Uma et al. 2012). Invertase was also purified from
Semillon wine, and physicochemical and enzymatic properties
of the enzyme were compared with the one from Semillon
grape juice (Nakanishi et al. 1991). Three-phase partitioning
method was used to purify invertase from both Baker's yeast
(S. cerevisiae) (Akardere et al. 2010) and tomato (Lycopersicon
esculentum) (Ozer et al. 2010) in a single step. In a different
approach, concanavalin A immobilized affinity cryogel system
was carried out to investigate the adsorption of invertase
from aqueous solutions (Uygun et al. 2012).

In this study, PHEMA monolithic cryogel columns were pre-
pared by radical polymerization of 2-hydroxyethyl methacryl-
ate (HEMA) as functional monomer and N-N’-methylene-
bisacrylamide (MBAAm) as cross-linker. Because cryogel has
relatively large pores, it has low surface area causing lower
adsorption capacities (Asliyuce et al. 2012). Poly(ethylene
imine) (PEI) was covalently attached on the PHEMA cryogel to
form a tentacle-type structure in order to increase adsorption
capacity of the cryogel matrix (Miiller 1990, Ozgiir et al. 2011).
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In tentacle-type structure, polymer brushes reach away from
the support surface, allowing analyte molecules can bind the
multiple layers of the tentacle polymer. Therefore, tentacle-
type supports increase the adsorption capacity of analyte mol-
ecules, particularly the macromolecules such as proteins
(Muller 1990, Turkmen et al. 2006). Tentacle-type structures
also provide decrease in mass transfer resistance due to lower
nonspecific interactions between the analyte and the matrix
(Muller 1990). Then, Cu(ll), Co(ll), and Ni(ll) were chelated onto
the PHEMA/PEI cryogel columns. Effects of invertase concen-
tration, medium pH, and temperature on the invertase adsorp-
tion from aqueous solutions were studied. Adsorption kinetics
and isotherm studies were conducted to evaluate the adsorp-
tion capacity of invertase onto metal ions-chelated PHEMA/PEI
cryogel columns. Purification of invertase from natural source,
i.e., fresh Baker's yeast, was also studied.

Experimental
Materials

Fresh Baker's yeast (S. cerevisiae) was obtained from grocery
store. HEMA and N-N'-methylene-bisacrylamide (MBAAm),
N,N,N’,N’-tetramethyl ethylene diamine (TEMED), ammonium
persulfate (APS), and PEI [50% (w/v) in H,O] were purchased
from Sigma-Aldrich Corp. (St Louis, MO). All other chemicals
are of reagent grade and were purchased from Merck AG
(Darmstadt, Germany).

Preparation of PHEMA cryogel columns

The preparation of the PHEMA cryogel has been described
elsewhere (Bereli et al. 2008). First, the cross-linker MBAAmM
(0.3g) was dissolved in 12.0mL of purified water, and the
main monomer HEMA (1.3 mL) was added into this solution.
Then, the mixture was degassed and kept in an ice bath for
10min. The cryogel columns were prepared via free radical
polymerization initiated by TEMED and APS. APS (20mg, 1%
(w/v) of the total monomers) was added into the reaction
mixture, it was cooled in an ice bath for 2-3 min. After add-
ing TEMED (25 pL, 1% (w/v) of the total monomers), the solu-
tion was stirred for 1min. Subsequently, this homogenous
mixture was poured into a plastic syringe (2 mL) with a closed
outlet at the bottom. The polymerization mixture in the syr-
inge was frozen at —16°C for 24 h and then thawed to room
temperature (RT). After washing with 200mL of water, the
cryogel was stored in buffer containing 0.02% sodium azide
(NaNs) at 4°C until use.

Characterization of PHEMA cryogel columns

The specific surface area of dried cryogel columns was
detected by using multipoint Brunauer-Emmett-Teller (BET)
apparatus (NOVA 2000, Quantachrome, USA). Cryogel col-
umns were weighed and put in a sample holder. After
degassing with nitrogen gas at 150°C for 1h, the cryogels
were weighed again. Adsorption of the nitrogen was
carried out at —210°C, and desorption was applied at

room temperature. Surface area of the samples was deter-
mined by the data procured from desorption part.

Swelling degree (S) of cryogel columns was obtained as
follows: Each sample was first dried and weighed (W, g).
Then dried cryogels were plunged in pure water at
25+0.5°C for 2h. Then, the swollen cryogel columns were
pulled out of the water, wiped carefully by a filter paper, and
then weighed (W, g). The equilibrium mass swelling degree
was calculated by the Equation (1):

S = [(Ws — Wo)/Wo] (1)

The total volume of macro-pores in the swelled cryogel
structure was roughly estimated by the Equation (2):

Macroporosity (%) = [(Wq — W3)/W;] x 100 )

where, W; and W, are fully swelled gel and squeezed gel
weights (g), respectively.

SEM was used to investigate the surface morphologies of
the cryogel columns. After lyophilization process, cryogels
were mounted on a SEM sample holder and were subjected
to gold film coating for 2min. The surface of cryogels was
scanned and SEM images of the cryogels at desired magnifi-
cation were captured (Jeol Ltd., JSM 5600, Tokyo, Japan).

PEI attachment

The following procedure discussed in our early study was
applied (Ozgiir et al. 2011). For activation process, PHEMA
cryogel column was washed with pure water for around 24 h
and kept in 0.5 M NaCl solution and then pure water. About
15 mL of Na,COs-NaHCO; buffer (0.5 M, pH 10.5) was recircu-
lated through the cryogel column at 1.0 mL/min at RT. For
attachment of PEIl process, PEl solution (10% (w/w), pH 10.6)
was recirculated through the column at 1.0 mL/min at 55°C
for 6 h. The PHEMA/PEI cryogel was extensively washed with
pure water to get rid of any physical adsorbed PEI from the
cryogel matrix. In order to determine the amount of PEI
attached onto the PHEMA cryogel matrix, both PEI attached
and nonattached PHEMA cryogel columns were dried and
ground into powder. The PElI content was calculated by the
difference of nitrogen amount of these two columns with
elemental analysis using an elemental analyzer (Thermo
Scientific, Flash 2000, Italy).

Chelation of metal ions

The chelation of metal ions, including Cu(ll), Co(ll), and Ni(ll),
from the single-metal-ion solutions was investigated in a
recirculating system. An aqueous metal-ion solution (15mL)
was treated with the PHEMA/PEI cryogel columns for 2h
(equilibrium adsorption time) at RT. The initial concentrations
of the metal ions were 100 ppm (mg/L) with the medium pH
5.0. Standard metal-ion solutions were prepared from the
nitrate salts of the metals. After the desired treatment peri-
ods, the concentrations of the metal ions in the aqueous
phase were determined by using a graphite furnace atomic
absorption spectrophotometer (Carl Zeiss Technology, AAS
5EA, Jena Zeiss Analytical Systems, Germany). The instrument



responses were periodically checked with the known metal
solution standards.

Invertase adsorption and elution studies

Invertase adsorption onto metal ion-chelated PHEMA/PEI cry-
ogel columns experiments were applied at various pH values,
in sodium acetate buffer (0.1 M, pH 4.0-5.5) and in sodium
phosphate buffer (0.1 M, pH 6.0-8.0) with the 1.5mg/mL ini-
tial invertase concentration. The adsorption studies were con-
ducted for 2h at 25°C in a continuous system. At the end of
this period, the columns were washed with the same buffer.
The adsorption was followed by monitoring the decrease in
UV absorbance at 280 nm. Effects of concentration of invert-
ase (0.1-3.0mg/mL) and temperature (4 to 45°C) on the
adsorption amount were examined. All the adsorption studies
were applied in replicates of three, and standard statistical
methods were used to find the mean values and relative SDs
for each set of given data. Confidence intervals of 95% were
calculated for each set of samples so as to find out the mar-
gin of error. The amount of invertase adsorption per unit
mass of the cryogel sample was calculated using the mass
balance.

Elution of invertase from metal ion-chelated PHEMA/PEI
cryogel columns was performed as follows: 50mL of 1 M
NaCl solution as elution agent was pumped through the cry-
ogel column at a flow rate of 1.0mL/min for 2h at RT. The
final concentration of invertase in the elution medium was
determined spectroscopically. When elution was completed,
the monolithic cryogel was washed with 0.05 M, pH 5.0 acet-
ate buffer. After the elution of invertase, metal-ion leakage
from the PHEMA/PEI cryogel was also monitored continu-
ously. Invertase adsorption-elution cycles were repeated 10
times using the same cryogel columns in order to evaluate
the reusability of the metal ion-chelated PHEMA/PEI cryogel
columns.

Extraction of crude invertase from Baker’s yeast

Fresh Baker's yeast (i.e., S. cerevisiae) was obtained from gro-
cery store. 84g of fresh Baker's yeast was suspended in
300mL 0.10 M NaHCOs3 and incubated at 35°C for 15 h. After
the incubation period was completed, the suspension was
centrifuged at 9000 rpm for 30 min at 4°C and supernatant
was collected. The supernatant was labeled as crude invertase
extract and used for affinity experiments.

Activity assay of invertase

Activity of invertase was determined by spectrophotometric
measurement of glucose which is the product of sucrose
hydrolysis (Goldstein and Lampen 1975); 3,5-dinitrosalicilic
acid method was used for the spectrophotometric measure-
ment of glucose (Nelson 1944). Activity assay was achieved in
three steps; first, 0.6 mL acetate buffer (pH 5.0), 0.2 mL of 0.5
M sucrose, and 0.2mL enzyme source were incubated at
37°C for 30 min. Dinitrosalicylic acid reagent was prepared as
follows: 1g of dinitrosalicylic was dissolved in 50 mL of pure
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water and 30g of sodium potassium tartrate (Rochelle salt)
was added to this solution. Then, 20mL of 2 M NaOH was
added into this solution. Final volume of the solution was
fixed at 100 mL with distilled water (Coughlan and Moloney
1988, Miller 1959). After adding of dinitrosalicylic reagent, the
samples were heated in a boiling water for 10 min and then
were cooled to room temperature. Finally, absorbance of the
samples was measured spectrophotometrically at 546 nm.
One unit of invertase activity was defined as the amount of
enzyme that hydrolysis sucrose to yield 1pmol glucose per
minute at 37°C and pH 5.0.

Total protein determination

Total protein concentration of the crude invertase sample
was determined by Bradford method by using BSA as a
standard (Bradford 1976). Specific activity was calculated as
the amount of enzyme unit per 1 mg of total protein.

SDS-PAGE of yeast extract fractions

Yeast extract fractions were applied to SDS-PAGE. Stacking
(5%) and separating gels (10%) were prepared in a gel size of
8 x 10cm. The samples were prepared under nondenaturat-
ing conditions and applied to Mini Protean Tetra Cell gel
electrophoresis system (Bio-Rad, CA). Running of the samples
were performed at 100 V for 2 h. Gel was stained with silver
stain, and the image was obtained using an image analyzer
(ImageQuant 300, GE Healthcare, USA).

Results and discussion
Characterization studies

Megaporous monolithic columns were produced by the cryo-
gelation of the monomer, HEMA with MBAAmM as a cross-
linker in the presence of APS/TEMED as initiator/activator
pair. In cryogelation, while ice crystals acting as porogen
grows in the monomer solution, polymerization progresses in
nonfrozen or moderately frozen aqueous phase of the solu-
tion. The SEM images of the pore structure of the cryogel
matrix are displayed in Figure 1(c). Table 1 also shows some
physical properties of PHEMA/PEI cryogel columns. The archi-
tecture of cryogel structure exhibits supermacropores as flow
channels which are much larger than the size of the macro-
molecules such as proteins. Hence, this novel structure of cry-
ogel allows the macromolecules which can pass easily
through the column with low back pressures. Beside this,
flow of mobile phase is mainly provided with convective
transport in cryogels unlike it is primarily diffusion in hydro-
gels (Jain and Kumar 2013). Therefore, the mass transfer
resistance is practically negligible. Figure 1(b) shows the
hypothetical model of the metal ions-chelated PHEMA/PEI
monolithic cryogel columns. Ester groups of the PHEMA
reacted with PEIl in the presence of NaHCO; and thus PHEMA
structure had imine groups (Ozgiir et al. 2011). The presence
of PEl on the PHEMA cryogel was investigated by the elem-
ental analysis. The amount of PEl attached onto the PHEMA
cryogel was found about 78.2mg PEl/g polymer using



1434 K. CETIN ET AL.

()

Co(ll) Ni(ln)

EHT = 10.00 kv

Signal A = SE1 Mag= 254X Sample ID =

NH, invertase

Poly(ethyleneimine)

'C Coordinate covalent bonds

Me?* Metal ions

20 Hm
—

EHT = 10.00 kV Signal A = SE1 Mag= 781X Sample ID =

20 um

Figure 1. (a) Digital image (b) and hypothetical model of the anticipated metal ions-chelated PHEMA/PEI monolithic cryogel columns. (c) SEM images of the cryogel

matrix.

Table 1. Physical properties of PHEMA/PEI cryogel columns®.

Surface area (mz/g cryogel) 18.2 (£0.57)
Macroporosity (%) 77.6 (+0.65)
Swelling degree (g H,0/g cryogel) 5.94 (+0,32)
PEI attachment (mg/g cryogel) 78.2 (+0.21)

*Numbers in the parenthesis show the SD for n=3.

nitrogen stoichiometry. The digital images of the cryogel col-
umns are shown in Figure 1(a) with the characteristic colors
of metal ions chelated onto the cryogel matrix.

Invertase purification studies

Effect of the metal type

The metal loading values were 324.48umol/g polymer,
241.52 umol/g polymer, and 236.14 umol/g polymer for Cu(ll),
Co(ll), Ni(ll) ions-chelated cryogel columns, respectively. The
initial concentrations of the metal ions were 100 ppm (mg/L)
with the medium pH 5.0. At the given concentration and pH
value, metal ions are predominantly in Cu(ll), Co(ll), and Ni(ll)
ions forms in the aqueous solution (Cuppett et al. 2006,

Shobana et al. 2013). Cu(ll) has a much stronger chelation
ability to PEI than Ni(ll) and Co(ll) have (Wen et al. 2013).
Figure 2 presents the effects of metal-ion type on the invert-
ase adsorption from aqueous solutions. Invertase adsorption
capacities on metal-chelated PHEMA/PEI monolithic cryogel
columns were 16.79 mg/g for Cu(ll), 15.60 mg/g for Ni(ll), and
14.40 mg/g polymer for Co(ll) ions under the same conditions.
Cu(ll), Ni(ll), and Co(ll) which are the 1st-row transition metal
ions act as soft or borderline Lewis acids due to easily polar-
ized nature of their d-electron shells because of orbital vacan-
cies (Pearson 1968). Therefore, these metals have attractions
to the nonbonding lone pair electrons of nitrogen atoms in
both aromatic and aliphatic amino-containing ligands (Osman
et al. 2005). Amino acid residues such as histidine and trypto-
phan of protein and a-amino group at the N-terminus are
attracted by these borderline metal ions to form coordinate
bonds (Chaouk and Hearn 1999). Sulkowski reported that the
strength of adsorption between immobilized metals ions and
proteins with accessible histidines has the following order:
Cu(ll) > Ni(ll) > Co(ll) (Sulkowski 1989, Vancan et al. 2002). As
it is seen in the results, the same order for the invertase
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Figure 3. Effect of medium pH on adsorption of invertase by the cryogel col-
umns. T: 25°C.

adsorption capacity on PHEMA/PEI cryogel columns was
observed. The result is also consisted with the literature
(Belew et al. 1987, Ozkara et al. 2003, Ueda et al. 2003).

Effect of pH change

Since IMAC is mainly based on coordinate bonds, the
medium pH is one of the most important factor effecting
protein adsorption by the adsorbent. Because hydroxides of
metals as a precipitate forms at higher values of pH 8.5
(Shobana et al. 2013), effect of pH on invertase adsorption by
PHEMA/PEI cryogel columns was studied with the varying pH
values in the range of 3.0-8.0 as indicated in Figure 3. The
reason of that lower adsorption capacity values were
observed below pH 5.0 might be due to the fact that proton
in the medium acts as a competitor ion with the metal ions
to bind the ligand site of the invertase. The maximum invert-
ase adsorption was observed at pH 5.0, which is the isoelec-
tric point of invertase. Net charge of proteins is zero at the
isoelectric point, and thus the maximum protein adsorption is
usually observed at this pH values (Uygun et al. 2012). At
higher pH values, invertase adsorption capacity also
decreases. The same result reported in the literature and
described as it was probably because of the preferential inter-
actions between invertase molecules and metal ions
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Figure 5. Effect of the temperature on invertase adsorption. pH 5.0; invertase
concentration: 1.5 mg/mL.

incorporated polymeric matrix at neutral pH values (Uzun
et al. 2011). Moreover, the decrease in the protein adsorption
capacity in more acidic and more alkaline regions also might
be due to the electrostatic repulsion effects between the
opposite charged groups (Oztiirk et al. 2012).

Effect of equilibrium concentration of invertase

The effects of equilibrium concentration of invertase on the
adsorption capacity of metal-chelated PHEMA/PEI cryogel col-
umns are shown in Figure 4. The amount of adsorbed invert-
ase increased with increasing of concentration of invertase
because of high driving force, which is the invertase concen-
tration difference between the liquid (i.e., the protein solu-
tion) and the solid (i.e, the cryogel matrix) phases, in the
case of high invertase concentration. In addition, a saturation
value was achieved at the invertase concentration of 1.5 mg/mL
which represents saturation of the accessible binding sites of
the metal ions on the PHEMA/PEI monolithic cryogel col-
umns. The maximum adsorption capacities were 16.79 mg/g
polymer, 1440mg/g polymer, and 15.60 mg/g polymer for
Cu(ll), Co(l), Ni(ll) ions-chelated cryogel columns, respectively.

Effect of temperature
Figure 5 demonstrates the effect of temperature on invertase
adsorption capacity of metal-chelated PHEMA/PEI cryogel
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columns in the range of 4-45°C. The maximum adsorption
was procured at 4°C, and it was decreased along with
increasing the temperature. Decrease percentages from 4°C
to 45°C were determined as around 38%, 54%, and 49% for
Cu(ll), Co(IN, Ni(ll) ions-chelated cryogel columns, respectively.
The enthalpy of adsorption (AH) for the adsorption of invert-
ase onto the metal-chelated PHEMA/PEI cryogel columns was
calculated as described in an earlier article (Kalburcu et al.
2014). First, the distribution coefficient Ky was defined as
(Jung et al. 2008):

_ Qe

K
d Cuq

3)

Qeq is the mass of adsorbed invertase per unit mass of
adsorbent. Coq is the equilibrium concentration of invertase
(mg/mL). The enthalpy of adsorption AH for the adsorption
of invertase can be evaluated according to Van't Hoff equa-
tion:

Ka AH
alogm = (4)

~ 2.303R
This equation can be integrated and rearranged as:

AH
2.303 RT

The enthalpy changes of the process were obtained as
—10.26 kJ/mol, —11.36kJ/mol, and —16.69kJ/mol for Cu(ll),
Co(ll), and Ni(ll) ions-chelated cryogel columns, respectively
(Jing-Tian et al. 19993, Jing-Tian et al. 1999b). These data show
that the adsorption process of invertase onto the metal-che-
lated PHEMA/PEI cryogel columns has an exothermic nature.

logK; = + constant (5)

Effect of adsorption time of invertase

Figure 6 presents the time dependence of the adsorption val-
ues of invertase on metal-chelated PHEMA/PEI monolithic cry-
ogel columns. Higher adsorption values were observed at the

18

; —e— Cu(Il)
oll & 7 --a-- Co(II)
S e Ni(Il)

Adsorbed invertase (mg/g polymer)

0 40 80 120 160
Time (min)

Figure 6. Effect of adsorption time on invertase adsorption. pH 5.0; invertase
concentration: 1.5 mg/mL.

beginning of the adsorption, and the adsorption rate was
decreased by time due to fact that decrease of invertase con-
centration in the solution with time owing to adsorption.
Saturation values were then gradually reached in about
120 min. As expected, according as the invertase concentra-
tion in the mobile phase (i.e., the protein solution) decreases
which also corresponds to an increase in the stationary phase
(i.e., the cryogel matrix), the driving force (i.e., the concentra-
tion difference between the two respective phases) decreases
which in turn results in a drop in the adsorption rate (Denizli
et al. 1999).

Adsorption isotherms

The modeling of the equilibrium data was performed by
Langmuir and Freundlich isotherms which are represented by
the Egs. (6) and (7), respectively (Finette et al. 1997, LeVan
and Vermeulen 1981):

1/Qe:(1/Qmax)+(1/omaxb)(1/ce) (6)
INQe = 1/n(InCe) + InKe (7)

where, Q. is the adsorbed amount of invertase (mg/g), b
(mL/mg) is the Langmuir isotherm constant, Quax is the max-
imum adsorption capacity (mg/g), C. is the equilibrium
invertase concentration (mg/mL). Kr and n are the Freundlich
constants related to the adsorption capacity and adsorption
intensity of the adsorbent, respectively. The calculated iso-
therm parameters were shown in Table 2. When the data
given in Table 2 are investigated, it is obviously seen that a
high correlation coefficient values (R?) denote that Langmuir
adsorption isotherm is more suitable for experimental data
than the Freundlich isotherm. It can be concluded that the
adsorption of invertase onto metal-chelated PHEMA/PEI cryo-
gel is a monolayer adsorption.

Adsorption dynamics

Adsorption mechanism can be effected by the factors includ-
ing mass transfer and the binding itself. The kinetic models,
i.e., pseudo-first- and second-order equations can be applied
to inquire these factors. The first-order rate expression of
Lagergren which is used for the adsorption of solute from a
liquid solution is defined by the Eqg. (8) (Cheung et al. 2001,
Lagergren and Svenska 1898):

log(Qe — Qt) = log(Qicar) — (kit)/2.303 (8)

where, Q. is the experimental amount of invertase adsorbed
at equilibrium (mg/g); Q; is the amount of invertase adsorbed
at time t (mg/g); Qi is the adsorption capacity calculated
by the pseudo-first-order model (mg/qg); and k; is the equilib-
rium rate constant of first-order adsorption (min™").

Table 2. Langmuir and Freundlich adsorption isotherm constants.

Langmuir constants

Freundlich constants

Experimental

Polymer Q (mg/g) Qumax (Mg/g) b(mL/mg) R Q n R
Cu(l)-chelated PHEMA/PEI 16.79 26.51 0.36 0.99 16.14 1.19 0.96
Co(ll)-chelated PHEMA/PEI 15.60 20.87 1.14 0.99 12.47 1.28 0.96
Ni(ll)-chelated PHEMA/PEI 14.40 22.88 0.97 0.95 13.31 1.12 0.92




The pseudo-second order kinetic model can be expressed
with the Eq. (9) (Ho and McKay 1999):

t/Q = (1/kaQ3cy) + (1/Qacal)t )

where, k; is the equilibrium rate constant of pseudo-second-
order adsorption (g/mg min); Q.. is the adsorption capacity
calculated by the pseudo-second-order kinetic model (mg/g).
The results obtained from the first-order and the second-
order kinetic models are given in Table 3. Since R? values are
higher in second order mechanism, this mechanism is more
applicable and predominant for our system (Karatas et al.
2007). Hence, it can be deduced that chemisorption might be
the rate-limiting step which means that it controls the
adsorption process.

Reusability of the cryogel columns

In order to show the stability and reusability of the metal
ion-chelated PHEMA/PEI cryogel columns, the adsorption-elu-
tion cycles were repeated 10 times using the same cryogel
columns in a continuous experimental set-up. As seen in the
Figure 7, there were no remarkable decreases in the invertase
adsorption capacities at the end of 10 adsorption—elution
cycles. It indicates that metal ion-chelated cryogel columns
are very stable, and maintain their adsorption capacities at
almost constant values of 96.8%, 95.6%, 96.3% for Cu(ll),
Co(ll), and Ni(ll) ions-chelated cryogel columns, respectively.

Purification of invertase from Saccharomyces cerevisiae

Table 4 summarizes the results of purification steps for invert-
ase from S. cerevisiae. According to the results, yield of
92.69%, 88.76%, and 93.09% were obtained for the purifica-
tion of invertase from S. cerevisiae using Cu(ll)-chelated,
Co(ll)-chelated, and Ni(ll)-chelated PHEMA/PEI cryogel col-
umns, respectively. Purification fold values were obtained as
41.35, 44.71, and 30.30 for Cu(ll)-chelated, Co(ll)-chelated, and
Ni(ll)-chelated PHEMA/PEI cryogel columns, respectively. The
yield and the purification fold were higher for Co(ll)-chelated
PHEMA/PEI column than the other columns. As the purifica-
tion fold value indicates the purity of the enzyme, it can be
concluded that purification of invertase using Co(ll)-chelated
PHEMA/PEI column is the most effective for the purification
of invertase. In literature, it is expressed that the highest pro-
tein retention does not necessarily mean the best protein
separation, because very high retention may also cause an
increase in adsorption of impurities (Ueda et al. 2003). High
purification fold values shown in Table 4 indicate the effect-
ive binding of invertase on metal-chelated columns.
SDS-PAGE results were presented in Figure 8. The molecu-
lar weight of the yeast invertase is 270kDa. Invertase is a

Table 3. The first- and second-order kinetic constants.
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glycoprotein and contains 50% carbohydrate (Neumann and
Lampen 1967). Therefore, invertase bands on SDS-PAGE
image gives “smeared” appearance and can be distinguished
from other protein bands. As clearly seen in lane 5, commer-
cial invertase contains some other protein bands in addition
to invertase. Silver stain is a sensitive method and can detect
proteins even the amount of the proteins is in “ng” scale.
Therefore, appearance of the other bands could be depend-
ent on staining method. As the best results obtained from
Co(ll)-chelated PHEMA/PEI cryogel column, we have applied
the fractions from Co(ll)-chelated PHEMA/PEI column to SDS-
PAGE. The single band on lane 2 shows the desorbed fraction
from Co(ll)-chelated PHEMA/PEI cryogel column and indicates
the success of invertase purification from S. cerevisiae.
Consequently, we aimed to improve a novel reusable and
cost effective tentacle-type cryogel columns for the purifica-
tion of invertase from Baker’s yeast by using IMAC technique.
For the purification of biomacromolecules including enzymes
and the other protein types, cryogel architecture offers vari-
ous advantages with not only their novel megaporous struc-
ture but also low cost of manufacture (Anda¢ and Denizli
2014, Yavuz and Denizli 2015). PEl which has a tentacle struc-
ture was used as chelating agent attached on PHEMA cryogel
structure. Invertase adsorption capacities of PHEMA/PEI col-
umns with different metals were investigated by changing
the medium conditions such as equilibrium concentration of
invertase, solution pH, and temperature. The adsorption
capacities of metal ions-chelated PHEMA/PEI cryogel columns
followed this order: Cu(ll) > Ni(ll) > Co(ll). Activity assay of
invertase was also studied, and Co(ll)-chelated PHEMA/PEI
cryogel column presented the best purification of invertase.
The adsorption capacity of the tentacle-type matrix is not lim-
ited by the surface area of the matrix since adsorption of
invertase is accomplished along the multilayers of tentacle
structure of PEl. Because cryogels have megapores up
to 100pum, they are unique structures for grafting of
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Figure 7. Reusability of metal ion-chelated PHEMA/PEI cryogel columns. pH 5.0;
invertase concentration: 1.5 mg/mL.

Equilibrium concentration  Experimental

Pseudo-first order Pseudo-second order

Polymer type (mg/mL) Qcq (Mg/q) ki (1/min)  Qeq (Mg/g) R? k, (g/mg.min)  Q.q (Mg/g) R?
Cu(ll)-chelated PHEMA/PEI 1.5 16.79 0.04 13.14 0.96 0.006 17.76 0.99
Co(ll)-chelated PHEMA/PEI 15 15.60 0.01 3.93 0.76 0.05 19.19 0.99
Ni(ll)-chelated PHEMA/PEI 1.5 14.40 0.04 17.48 0.95 0.03 17.66 0.99
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Table 4. Purification table for the isolation of invertase from Saccharomyces cerevisiae.

Total protein (mg) Total activity (U) Specific activity (U/mg) Yield (%) Purification fold

Cu(l)-chelated PHEMA/PEI

Crude extract 0.845 0.114 0.135 - -

Desorption 0.019 0.106 5.596 93314 41.350
Co(ll)-chelated PHEMA/PEI

Crude extract 0.845 0.114 0.135 - -

Desorption 0.018 0.109 6.051 96.100 44714
Ni(ll)-chelated PHEMA/PEI

Crude extract 0.845 0.114 0.135 - -

Desorption 0.020 0.108 4.101 94.428 30.302

Figure 8. SDS-PAGE analysis of yeast fractions. Lane 1. Molecular weight
marker. Lane 2. Desorbed fraction from Co(ll)-chelated PHEMA/PEI cryogel col-
umn. 3. Fraction obtained after adsorption on Co(ll)-chelated PHEMA/PEI cryogel
column. 4. Yeast extract. 5. Commercial invertase.

tentacle-type polymers, allowing fast mass transfer without
any clogging. These tentacle-type, megaporous cryogel matri-
ces can be used for invertase adsorption under mild condi-
tions. Because IMAC «cryogels are stable and reusable
products, they may provide economic advantages for large-
scale applications.
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