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Abstract: Cell wall invertase (CWI) from Saccharomyces cerevisiae was
immobilized in polyacrylamide hydrogels. The aim of the development of a
new biocatalyst was to obtain an improved enzyme for invert sugar production.
The monomer concentration and enzyme amount in the immobilizate were
optimized, and the obtained biocatalyst had an enzyme activity of 138+6 U g'!.
The pH and temperature optima were 4.0 and 70 °C, respectively. The stability
of immobilized enzyme was determined at several temperatures in the absence
of substrate and the half-life obtained at 50 °C was 81 days, at 60 °C, 128 min
and at 70 ° C, 1.24 min. The biocatalyst was tested at low pH values, 3.0 and
3.5 were tested, and showed great stability. The Ky, values were 34.1+1.7 and
126.246.3 mM for free and immobilized CWI, respectively. The activation
energies were 37.7 and 23.0 kJ mol! for free and immobilized CW]I, respect-
ively. Cell wall invertase immobilized in polyacrylamide hydrogel (CWI-
—PAA) was tested for the production of high concentrated invert sugar in a
batch and a packed bed reactor. After five days of continuous process, the
quality and characteristics of the produced invert sugar remained unchanged.

Keywords: immobilization; Saccharomyces cerevisiae, enzyme; stability;
CWI-PAA.

INTRODUCTION

The main goal of enzyme immobilization is for the industrial use of
enzymes, process control and for as many as possible reaction cycles. Simplicity
and improvement of enzyme properties are strongly associated with the design of
protocols for enzyme immobilization. An immobilized enzyme should be
designed to be suitable for large-scale production. There are many protocols for
immobilization of enzymes but very few are also very simple and/or very capable
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1360 MARGETIC and VUICIC

of improving enzyme properties. In addition, relatively few have been success-
fully commercialized on a large scale.! Immobilization of an enzyme in different
types of hydrogels is one of the most frequently used and simplest immobil-
ization techniques. Unsatisfactory mechanical properties and susceptibility to
microbial contamination of the enzymes immobilized in hydrogels are the main
disadvantages of this kind of biocatalyst. Natural polymers, such as gelatin, car-
rageenan and alginate, are some of the carriers frequently used for enzyme
immobilization with these and some other weaknesses.2 Synthetic organic poly-
mers have the greatest variability concerning physical and chemical character-
istics. In principle, they can be adapted to the requirements of nearly any enzym-
atic process. Some of polymers can be easily synthesized, and their character-
istics controlled by slight changes in the conditions of the polymerization reac-
tions. The main disadvantage of hydrogels as a carrier for enzyme immobil-
ization is unsuitable pore size. It has to be narrow enough to prevent leakage of
the enzyme molecules out of the polymer network, but large enough to allow free
diffusion of substrates and products. Polyacrylamide (PAA) is one of the immo-
bilization carriers for entrapment that is strong enough to withstand the chemical
stress and mechanical forces in a technical process. Moreover, it possesses very
suitable properties, such as high elasticity, low abrasion in stirred-tank reactors3-4
and good stability in almost all relevant reaction conditions.> The great advent-
age of polyacrylamide is the possibility to modify the structure and pore-size of
the obtained polymer by changing the ratio of monomer and cross-linking agent
in the reaction mixture.

Yeast invertase is a glycoprotein and can be found in the internal (non-gly-
cosylated) or external (glycosylated) form. Invertase is easily extracted enzyme
and can be easily obtained in the soluble form®7 or in the form of cell wall
invertase (CWI).8 This enzyme has found many applications in the food and
beverage industry.? Therefore, there are many research papers dealing with dif-
ferent immobilization techniques or immobilization carriers for the immobil-
ization of invertase. The main problem with invertase immobilization by entrap-
ment, i.e., enzyme leakage,!0-12 was resolved by using cell wall invertase instead
of a soluble form.8 In addition, as invertase is one of the inexpensive enzymes, it
is used frequently as a model system for the development of new enzyme immo-
bilization techniques.

Polyacrylamide was used the first time for invertase immobilization in the
early seventies, but the obtained immobilizate had low activity!3:!4 or lower
thermal stability than the free enzyme.l5 Usage of PAA as a carrier for invertase
immobilization gave immobilized biocatalysts with better performance in com-
bination with gelatin.!? Invertase from S. cerevisiae could also be immobilized
on PAA by adsorption,!® but the obtained immobilized enzyme was used only in
a dilute sucrose solutions. Invertase was also immobilized by entrapment in PAA
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hydrogel by radiopolymerization.!” This method gave good immobilization
results, but it is not a useful method for the production of an immobilized bio-
catalyst on the large scale for industrial application. From an industrial view-
point, usage of low concentrated sucrose solution for hydrolysis followed by
concentration step is not economically relevant. There is an example when whole
bacterial cell immobilized in a similar polymer was developed for a commercial
biotransformation process.2

EXPERIMENTAL
Chemicals

All chemicals were of analytical grade (or higher) and were purchased from Sigma—
—Aldrich and Merck. Baker’s yeast was obtained from a local market.

Enzyme isolation

CWI was isolated from the slurry obtained after cell autolysis as described in a pre-
viously published paper.® The obtained slurry was diluted with an equal volume of 1 %
sodium chloride and mixed for 30 min. The yeast cell wall was centrifuged at 4000 g for 15
min at 4 °C, and the pellet was resuspended in 5 volumes of distilled water. The procedure
was repeated until proteins could no longer be detected in the supernatant. The resulting solid
material was defatted and dried using cold acetone. The pellet was left to dry overnight at
room temperature.

Immobilization of CWI

The polymerization mixtures contained different amounts of CWI (invertase activity 9
IU mg'!; in the range of 0.25-3 g), 2.67 mL of 30 % acrylamide solution (with 0.8 % cross-
-linker monomer N,N'-methylenebisacrylamide), 4 pL of N N,N'N'-tetramethylethylenedi-
amine (TEMED), 50 puL of 10 % ammonium persulfate (water solution) and water. The total
volume was kept to 15 mL by the addition of 1.5 M Tris buffer of pH 8.8. After 1 h polymer-
ization at room temperature, the gels obtained between glass plates were washed with 50 mM
acetate buffer pH 4.5 and cut into discs (2 mm in diameter and 0.75 mm thick). The obtained
immobilized enzymes were stored at 4 °C in 70 mass % invert sugar solution in 50 mM
acetate buffer pH 4.5 prior to use.

Enzyme activity assay

The enzyme activity was assayed in a batch reactor at 25 °C. Fifty uL of free CWI
suspension (1 mg mL!) was mixed with 450 pL of sucrose solution (0.3 M in 50 mM acetate
buffer, pH 4.5). After 5 min, the reaction was stopped by the addition of 3,5-dinitrosalicylic
acid (DNS) reagent (500 pL) and heated in a boiling water bath for 5 min. For the determin-
ation of the activity of immobilized enzymes, 3 discs were taken and mixed with 5 mL of
sucrose solution. After 5 min, 500 pL of the reaction mixture was mixed with 500 pL of DNS
reagent and heated in a boiling water bath for 5 min. After cooling to room temperature and
dilution with 4 mL of water, the amount of reducing sugars was determined spectrophoto-
metrically at 540 nm'® using a Shimadzu UV-1800 spectrophotometer. One international unit
(IU) of enzyme activity is defined as the amount of enzyme that hydrolyses one micromole of
sucrose per minute under the assay conditions.
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Determination of optimum pH and pH stability

The effect of pH on the activity of free and immobilized CWI was studied at various pH
values at 25 °C. The pH of the reaction mixtures were in the range of 3.0—8.0 (0.05 M acetate
buffer in the range of 3.0-5.6 and 0.05 M phosphate buffer in the range of 5.7-8.0 were used).
The reaction conditions were as described in the previous section.

The effect of different pH values during the 7 days incubation was studied at 25 °C at pH
values 2.0, 3.0 and 4.5. In order to determine the pH stability, both free and immobilized CWI
were incubated in 50 mM acetate buffer of various pH values. The enzyme activities were
measured after various incubation times as described above (at pH 4.5).

Determination of the optimum temperature and thermal stability

The effect of temperature on the activity of the enzymes was studied by performing the
reaction in the temperature range 20—75 °C (with 5 °C increments). The reaction conditions
were as described in the previous section.

Free and immobilized CWI were incubated at selected temperatures (50, 60 and 70 °C)
in 50 mM acetate buffer pH 4.5. Enzymes were incubated for various time intervals (for 57 d
at 50 °C, for 4 h at 60 °C and for 20 min at 70 °C) during these times, the enzyme activity was
monitored as described in the previous section. The inactivation rate constants, kg were
calculated from the equation:

In(A/A4g) = —kqt 1

where A is the initial activity and 4 is the activity after time ¢. The half-life values of the
biocatalysts were calculated for all temperatures used for the thermal stability tests from the
equation:

typ = 1n 2/ky (2)
Determination of kinetic parameters

The activation energy of free CWI and the immobilized CWI was calculated using the
Arrhenius equation after measuring enzyme activities at different temperature.'”

The Michaelis—Menten kinetics was established by studying the effect of substrate con-
centration (1-200 mM for free CWI and 1-800 mM for immobilized CWI) on the reaction
rate at 25 °C. Parameters of Michaelis—Menten kinetics were obtained using non-linear reg-
ression (Graph Pad Prism 5.0).

Production of invert sugar in a batch process

Production of invert sugar using CWI immobilized in a polyacrylamide hydrogel was
tested in a batch reactor. Five grams of immobilized CWI was incubated in 50 mL of 60 mass
% sucrose solution at 50 °C with continuous stirring (150 rpm). The immobilized CWI used in
this experiment was pre-equilibrated in 60 % sucrose solution.

The packed bed reactor

Immobilized CWI in a polyacrylamide hydrogel was tested in packed bed reactor. The
experiments were realized in a 5 mL water-jacketed glass column (6.5 cm long and 1 cm in
diameter) at 50+1 °C. Sucrose solutions (60 mass %) were used as the substrates. Substrate
solutions were brought to 50 °C before entering the column and pumped through the bed by
means of a peristaltic pump. After steady state was attained, the ratio of conversion was
evaluated at the end of the column by determining the reducing sugars, as described in the
previous section. The concentration of the sucrose solution was checked using a SinoTech
model 2WAJ refractometer.
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Statistical analysis

Each data point represents the mean of three independent assays. Statistical significance
was determined by standard deviation (SD). The data are presented as the mean + standard
error of the mean (SEM).

RESULTS AND DISCUSSION

The usage of CWI instead of soluble invertase in a few natural hydrogels
showed great enzyme characteristics, good stability and high productivity of
invert sugar.8:20 Polyacrylamide was chosen for the development of a new
immobilized biocatalyst because it is hydrophilic and extensive previous expe-
rience established it as non-denaturing toward many proteins.2! The polymer-
ization reaction could cause damage to the structure of the soluble enzyme, but as
the stability of CWI in comparison to soluble enzyme is much higher, no damage
was expected nor observed.

Immobilization

CWI isolated from yeast cells has an enzyme activity of 9+1 IU mg-!. Opti-
mization of the immobilization of CWI in a polyacrylamide gel included opti-
mization of amount of free CWI in the immobilizate and the percentage of mono-
mer, acrylamide, in the polymerization mixture. Changing of amount of mono-
mer added in the reaction mixtures resulted in significant difference in the mech-
anical properties of the obtained immobilized biocatalysts. CWI was immobilized
by entrapment in PAA containing 8, 10 and 12 % of monomer. The biocatalyst
with the best mechanical characteristics was composed of 8 % of monomer (data
not shown). Immobilized CWI in PAA with the higher concentration of monomer
was fragile, and the same characteristic was described earlier.22 The amount of
CWI was in the range of 17-200 mg mL~! of the immobilization mixture. The
optimal concentration of enzyme for immobilization in PAA by entrapment was
chosen based on the results of invertase activity obtained for all tested bio-
catalysts, shown in Fig. 1.
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) immobilization mixture; enzyme activity
Concentration of CWI, mg mL" is expressed in IU g'!.
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1364 MARGETIC and VUICIC

The immobilized CWI containing 133 mg mL-! of free enzyme and 8 %
monomer, with an activity of 138+6 IU g-!, was selected as optimal. The first
immobilized CWI was entrapped in Ca-alginate hydrogel and it had an activity of
71 TU g 1;8 a better activity of 91 IU g~! was registered for CWI modified with
glutaraldehyde immobilized in alginate,23 while the hitherto best published acti-
vity of 93 IU g~! was evidenced for CWI immobilized in gelatin.20 The biocat-
alyst obtained in this work has 48 % higher activity than the best previously
published. The immobilization of CWI within PAA hydrogel was complete,
without loss of enzyme in all tested biocatalysts. However, immobilization of
soluble invertase in PAA hydrogel without additional treatment resulted in leak-
age of the enzyme from the immobilizate particles.24

pH optimum and stability

The changes in enzyme activity with changing pH values of the reaction
mixtures of free and immobilized CWI were studied at 25 °C. Based on the
results presented in Fig. 2, it could be concluded that optimal pH values for both
free and immobilized CWI were in the range 3.0-5.0. However, maximum acti-
vity of free CWI was shown in the pH range 4.5-5.0 while immobilized CWI had
a maximum activity at pH 4.0.

100- -~ CWI

- |mmobilized CWI

Relative activity, %

o
"

3 4 5 6 7 8 Fig. 2. Effect of pH on the activity of
pH free and immobilized CWI.

Similar pH optimums of free and immobilized soluble invertase from Sac-
charomyces cerevisiae in a PAA hydrogell# and other carriers!0:12.25 and also of
free and immobilized CWI8:20 were published previously. High activity of immo-
bilized CWI was observed also at lower pH value, 97 and 90 % of the highest
activity at 3.5 and 3.0, respectively. The ability to hydrolyze sucrose at low pH
could be a significant advantage of this biocatalyst, because microbial contam-
ination is prevented under such conditions.26 Invertase would not be used at pH
values lower than 3.0, since under these conditions, a rapid acid hydrolysis of
sucrose occurs.2” The slightly shifted pH optimum of immobilized CWI into the
acid region could be the effect of secondary interactions, such as ionic interact-
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ions between the enzyme and the polymeric matrix or due to decreased hydrogen
ion concentration in the microenvironment of the enzyme, which would require a
more acid assay medium for the maximum activity of the enzyme.!2

Since both free and immobilized CWI showed high activity in the pH range
of 3.0 to optimal, the pH stability was examined in terms of potential industrial
application of this immobilized biocatalyst for invert sugar production at low pH
values. The pH stabilities of both forms of the enzyme were tested at two pH
values. The biocatalysts were incubated at pH 2.0, 3.0 and 4.5 at 25 °C for one
week. No changes were observed in the enzyme activity (both free and immo-
bilized enzymes) after 7 days incubation at pH 3 and 4.5, while at pH 2.0, both
biocatalysts showed low stability. After 20 h at pH 2.0, only 5 % residual activity
of the free CWI was detected and 11 % residual activity of the immobilized
enzyme.

Optimum temperature

The effects of temperature on enzyme activity of immobilized in PAA and
free CWI were obtained in the temperature range 20—75 °C and the results are
shown in Fig. 3. The results are expressed as percentage of the maximum acti-
vity. Optimal temperatures for free and immobilized CWI were found to be 60
and 70 °C, respectively. The activation energies were calculated by the Arrhenius
method and found to be 37.7 and 23.0 kJ mol-! for free and immobilized CWI,
respectively. A slightly better stability of the immobilized compared to that of the
free enzyme could be used as an explanation of the obtained results. Similar
results, i.e., higher temperature optimum of immobilized than free enzyme were
previously reported®-17-28.29 and the same result, shifted temperature optimum of
invertase immobilized in the PAA hydrogel to about 10 °C higher and a change
in the temperature dependence curves was observed.l4 Activation energy is an
important parameter as it may indicate diffusion limitation.30-31

100
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50
40

30
20 -~ CWI

10 -m- Immobilized CWI
c 1 M 1 v | v 1 v 1 v |
20 30 40 S0 60 0 Fig. 3. Effect of temperature on the
Temperature, °c activity of free and immobilized CWI.

Relative activity, %
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Thermal stability is one of the most important parameters of the improved
biocatalysts, especially for their industrial application or application at higher
temperatures. A study of thermal stability of CWI free and immobilized in PAA
was performed at 50, 60 and 70 °C. Both biocatalysts were incubated at these
temperatures and their activities were measured in determined intervals, during
57 d at 50 °C, 4 h at 60 °C or 20 min at 70 °C. The kinetic parameters of the
thermal denaturation data of free and immobilized CWI were calculated and are
given in Table I. Significant decreases in the stability of the free and immobilized
CWI were observed, which is similar with the results observed for soluble
invertase above 55 °C.14:32 The thermal stability of immobilized CWI was 65 %
higher at 50 °C, 47 % at 60 °C and 42 % at 70 °C. The improvement of the
thermal stabilities of immobilized soluble as well as CWI invertase are well
known characteristics.$-9-20,23

TABLE I. Half-life of CWI and soluble invertase at different temperatures

CWI 1, at 50 °C, days t1, at 60 °C, min t1, at 70 °C, min
Free 49 87 0.87
Immobilized 81 128 1.24

Determination of kinetic parameters

The kinetic parameters Michaelis constant (Kpf) and maximum reaction rate
(Vmax) for free and immobilized CWI were determined by varying the concen-
tration of sucrose in the reaction mixture. As expected, increasing values of Ky
for the immobilized enzyme were observed. The obtained values for Kj; were
34.1£1.7 and 126.246.3 mM for free and immobilized CWI, respectively, the
values for Vpax were 11.6£1.1 and 96.4+8.7 mM min—!, respectively. The inc-
rease in the Ky values for immobilized CWI could be the result of the limited
accessibility of sucrose molecules to the active sites of the immobilized enzyme.
Similar results were published previously in many papers.8-10.12.20,33

Production of invert sugar in a batch process and a packed bed reactor

The obtained immobilized CWI was used in a batch reactor for hydrolysis of
a high concentrated sucrose solution. The percent of invert sucrose was measured
using DNS reagent at various time intervals and the obtained results are pre-
sented in Fig. 4. Almost complete sucrose conversion (96.5 %) was achieved
after 29 h. In a previous paper, CWI immobilized in alginate hydrogel was used
in a similar experiment, but complete conversion was only achieved in almost
double the time.8

A packed bed reactor is usually very useful for industrial application of an
immobilized biocatalyst, especially if product inhibition occurs. Immobilized
CWI-PAA was tested for invert sugar production in a packed bed reactor. For
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this purpose, 3 g (3 mL) of immobilized CWI were used. During 5 days, the
percent of sucrose inversion at a constant flow rate of 2 bed volume per hour
(bvh) was measured. The invert sugar production was constant during these days
and the percentage of sugar inversion was about 30 %.

100- N
. 80- X
>
S 60
2 4
199
S 404
c
o
O 20-

0 T T 1

0 10 20 30 Fig. 4. Sucrose hydrolysis with immo-
Time, h bilized CWI in a stirred batch reactor.
CONCLUSIONS

In this study, CWI was successfully immobilized in a polyacrylamide hydro-
gel cross-linked with N,N'-methylenebisacrylamide. The obtained biocatalyst had
a high invertase activity, 48 % higher than the previously published immobilized
CWI in a gelatin hydrogel.20 Since the aim of this study was to obtain immobil-
ized enzyme with high microbial resistance, the high stability at low pH values is
proof that the goal is attained, because the possibility of microbe contamination
of sugar at low pH values and high sugar molarity is considerably less than at the
pH value usually used for enzymatic invert sugar production. The significantly
better thermal stability of immobilized than free enzyme shown for CWI-PAA
qualifies it for potential industrial use. This presumption was proved by testing
the obtained biocatalyst in a packed bed reactor when it showed good charac-
teristics under conditions similar to industrial ones.
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U3BOJ
MPOU3BOAA MHBEPTHOT IIEREPA 3UITHOM UHBEPTA30M
WMOBW/IN30BAHOM VY ITOJIMAKPUJIAMUIHOM XHUPOTETY

AJIEKCAHJIPA H. MAPTETHR' 1 30PAH M. BYJUUR?

"Uncimumiyim 3a xemujy, Wexnonotujy u memanypiujy, Lentuap 3a xemujy, Yuusep3uiiei y Beoipagy,
Cwuygenitcku wpi 12—16, beoipag u ZXemujcxu Qaxyniten, Katiegpa 3a duoxemujy, Yrnugep3uiieid y
Beoipagy, Cuiygneuwicku wpi 12—-16, Beoipag

3unHa WHBepTasa U3osnoBaHa K3 henuja kBacua Saccharomyces cerevisiae UMODHUIN30BaHA
je y xugporeny nonuakpuiamuza. Llws nodujama oBor HOBOr UMOOWIN3aTa je pa3BUTaK U 1o-
Oopmiame ODHMOKaTanu3aTopa KOjU Ce KOPUCTH 3a MPOU3BOAKY MHBEpTOr wehepa. ONTUMuU30-
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1368 MARGETIC and VUICIC

BaHA je KOHIIEHTpallja MOHOMEepa U eH3WMa y UMODWIM3aTy, a Kao ONTHUMalaH u3abpaH je
MMOOMIN3AT ca eH3UMCKOM akTHBHOIhy ox 13846 1U g'1. Onpehenu cy onTumananu ycnosu
3a pang umodunusara, pH 4,0 u remneparypa 70 °C. UcniuTrBaHa je cTaduIHOCT UMoDMIn3aTa
Ha HEKOJIMKO Pa3IHYUTHX TeMIeparypa 0e3 IMpUCyCcTBa CyICTpaTa, JOOMjeHH pe3yaTaTH U3pa-
JKEHHU Cy Kao MOJYKUBOT MMOOWIM30BaHOT eH3uMa U uU3Hoce 81 maH Ha 50 °C, 128 min Ha
60 °C 1 1,24 min Ha 70 °C. TecTupaHa je ¥ CTaDUIHOCT UMODMIN3ATA U CIODOJHOT €H3MMa Ha
HuckuM pH Bpenmnoctuma (3,0 u 3,5), a JodujeHu pesynTatu cy mokasaau dosby CTadUIHOCT
umodunusata. Km BpemgHOCT 3a C1000OOHY M HMMOOMWIM30BaHy 3WMIHY WHBEpTasy H3HOCE
34,1+1,7 ogHocHO 126,216,3 mM, Dok eHepruja akTuBauuje usHocu 37,7 omHocHo 23,0 kJ
mol L. ITpoayKTHBHOCT UMOSHIN30BaHE 3UIHE MHBEPTa3€e y MOIMAKPHIAMUIY Y TPOH3BONHH
WHBEpTHOT Liehepa TecTHpaHa je Y BUCOKO KOHLIEHTPOBAHUM pacTBopuma Iuehepa y mapx-
HOM ¥ KOHTHHYaJIHOM peakTopy. HakoH et JjaHa KOHTHHyaJHe IPOU3BOAKHE UHBEPTHOT Lie-
hepa kBanmuTeT U KapaKkTepUCTHKe NOOHjeHOT MPOK3BOMa HUCY OHle MpOMemeHe.

(ITpummbeHo 20. jyna, peBunupaHo 4. okrodpa, mpuxsaheHo 5. oxtodpa 2016)
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