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B oannoit pabome npoegedeno uccinedosanue adcopoyuoOHHON UMMOOUIUIAUUU UHYIU-
HA3bl HA CEEPXCUIUMBIX MAKPONOPUCMIBIX COPOEHmMAx HA OCHOGe CMUpOaa U OUBUHUINDEH301a:
HU3KO0OCHOGHOM anuonooomennuke A100, eévicoxkoocnoenom anuonooomennuxe A500R, cunvno-
kucaomuom xkamuonooomennuxe C100H. Paccmompeno enusanue npooonrncumenvrnocmu npo-
yecca copoyuu, 3HaUeHUli KOHUEHMPAyUil HOHO8 6000P00a U DelIKa 6 pacmeope Ha Kou4ecmeo
UMMOOUIUZ06AHHO20 hepMenma U AKMUEHOCHIb NOJIYYEHHBIX 2eMEPO2eHHbIX ODUOKamanu3amo-
Pos. Boisasneno, umo aocopoyua oocmuzaem céoezo MAKCUMAIbLHOZ0 3HAYCHUA 6 CDEOHEM uepes
4 u npu pH 4,7-5,0 0ns paccmampusaemvlx copoeHmos. AKMUBHOCHb NOJIYUEHHBIX 2eMEPO2eH-
HbIX Ouokamanuszamopos cocmaensem 64,8-83,5% om axmuenocmu c60000HOV UHYTUHAZGL.
Xoma akmugHocms UHYIUHA3BL RPU AOCOPOUUU HA UCNOIL3YEMBIX 68 PADOme NOJTUMEPHBIX HOCU-
menAx CHUMcaemcs, UHmMezpaibHoe KOJIUu4ecmeo nojiyueHHoz0 npooyKkma oyoem @vluie, uem 0
HamugHno20 Kamanuzamopa. U3yuenvl uzomepmot a0copoyuu UHYIUHA3LL HA CEBEPXCUIUMBIX NO-
aumepax. CmaduipbHOCMb ROJIYUEHHBIX 2EMEPO2CHHBIX OUOKAMAIUZAMOPOE 00bACHAENICA bICO-
Kol copOyUOHHOI CROCOOHOCMbIO CéepXCUIUmMBbIX cOPOenmos. Boviagneno, umo ummodunuzosan-
Has UHYTUHA3A MOdICEM NPUMEHAMBCA 6 meyenue 8-11 nociedosamenbHblX YUKI06 peaKyuu 2uo-
ponausza cyocmpama. Hcnonwv3ysa aocopoyuonnyro meopuio bI3T, nposeden ananuz uzomepm copo-
yuu pepmenma u paccuumaHsl PAeHOGECHbIE NAPAMEMPHL COPOUUU: NPedeibHOe KOIUYUECHE0
COpOUPOBAHHOI UHYIUHA3bI, KOHCMAHMBbL, XapaKmepusyoujue e3aumooeiicmeue copoam-cop-
oenm u copoam-copoam. Cpedu paccmampueaemvix Hocumeell Haudoiee 6bICOK0e 3HAUEHUE G-
JAUYUHBL KOHCIAHMbL COPOUUOHHO020 pasHoesecus (KL=4,25+0.04 n/mmons) coomeemcmeyem ouo-
Kamanuzamopy UHYIUHA3A-KAMUOHOOOMEHHUK, GCIUYUHA COPOUUOHHOI eMKOCMU KOmMOopozo
maroice Haubonvuwan. Ilonyuennovie 0annvie npedcmasisaom unmepec 011 oUeHKU I gexkmusHo-
CMu UCROIb306AHUS COPOEHMO6 8 Katecmae Hocumeneil UHYJIUHA3bL 8 NOC/1eOYIOUWUX MEXHOTI0-
2UYeCKUX NPoueccax nepepadomKu UHYJIUHCOOEPHCAUe20 ChlpbA.
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In this work the study of adsorption immobilization of inulinase on super-crosslinked
macroporous sorbents based on styrene and divinylbenzene: low-base anion exchanger A100, high-
base anion exchanger A500R, strong acid cation exchanger C100H was carried out. The influence
of the duration of the sorption process, the value of the concentration of hydrogen ions and the
concentration of protein in solution on the amount of immobilized enzyme and the activity of the
obtained heterogeneous biocatalysts is considered. It was revealed that adsorption reaches its max-
imum value on average after 4 h at pH of 4.7-5.0 for the sorbents under consideration. The activity
of the obtained heterogeneous biocatalysts is 64.8-83.5% of the activity of free inulinase. Although
the activity of inulinase during adsorption on the polymer carriers used in the work decreases, the
integral amount of the resulting product will be higher than for the native catalyst. The isotherms
of inulinase adsorption on super-crosslinked polymers have been studied. The high stability of the
obtained heterogeneous biocatalysts is explained by the high sorption capacity of super-crosslinked
sorbents. It was revealed that immobilized inulinase can be used during 8-11 consecutive cycles of
the substrate hydrolysis reaction. Using the BET adsorption theory, the enzyme sorption isotherms
were analyzed and the equilibrium sorption parameters were calculated: the maximum amount of
sorbed inulinase, the constants characterizing the sorbate-sorbent and sorbate-sorbate interaction.
Among the considered carriers, the highest value of the sorption equilibrium constant
(KL=4.25+0.04 I/mmol) corresponds to the inulinase-cation exchanger biocatalyst, the sorption ca-
pacity of which is also the largest. The data obtained is of interest for evaluating the effectiveness
of the use of sorbents as inulinase carriers in subsequent technological operations of processing of
inulin-containing raw materials.

Key words: super-crosslinked polymers, inulinase, immobilization, catalytic activity, heterogeneous biocatalyst

INTRODUCTION However, the use of native enzymes has a

Inulinase (2.1-B-D-fructan-fructanohydrolase number of limitations: the impossibility of reuse, low

E.C. 3.2.1.7) is widely used in technological processes
to obtain fructose from vegetable raw materials and
makes it possible to convert inulin into fructose in one
stage [1, 2]. Fructose has a twice lower glycemic index,
and the assimilation of fructose occurs without the par-
ticipation of insulin. Due to its properties, syrups with
a high fructose content obtained by enzymatic hydrol-
ysis of extracts of inulin-containing plants can be used
in the confectionery industry, in therapeutic nutrition
as a sweetener for diabetic patients [3, 4].
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thermal stability, the complexity of separating the bio-
catalyst and the final product. The effectiveness of en-
zymatic processes can be improved with the help of
immobilized drugs [5-8].

The results obtained during the immobilization
of enzymes on super-crosslinked polymer sorbents are
of continued interest [9,10]. Previously, we investi-
gated the immobilization of inulinase on sorbents of
the “Styrosorb" type [11, 12].
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Despite the fact that a large number of enzyme
preparations immobilized on different carriers have
been already described, it should be noted that the
choice of the sorbent and the method of binding the
protein to the carrier remains largely empirical. The
most important factors on which the adsorption immo-
bilization of enzymes depends are determined, on the
one hand, by the surface properties of carriers: their
chemical structure, hydrophilicity or hydrophobicity,
porosity, swelling, on the other hand — the structure
of enzymes, the size of macromolecules, chemical
properties.

Super-crosslinked sorbents based on styrene
with divinylbenzene have a uniquely high sorption ca-
pacity in relation to organic substances in aqueous or
airborne media. They have found wide application in
large-scale sorption processes in the chemical, food,
pharmaceutical industries, to solve a number of envi-
ronmental problems [13].

The purpose of this work was to study the con-
ditions of adsorption immobilization of inulinase on
super-crosslinked ion-exchangers.

EXPERIMENTAL PART

The object of the study was Aspergillus niger
(Sigma Aldrich) inulinase, inulin (Spofa) was used as
a substrate. The sorbents were ion exchangers (Puro-
lite): a weakly basic anion exchanger A100 containing
mainly tertiary amino groups; a highly basic anion ex-
changer A500R; a strong acid cation exchanger C100H
with sulfogroups. These carriers belong to the group of
super-crosslinked polymer materials based on styrene
and divinylbenzene with a highly developed specific
surface area and macroporous structure [14]. To pre-
pare for the experiment, the sorbents were previously
conditioned [15].

Kinetic experiments were carried out under
static conditions with continuous mixing of the solu-
tion by the limited volume method. To do this, the air-
dry sorbent suspensions weighing 1.0000 +0.0002 g
were placed in conical flasks with a lapped stopper of
1000 ml, and filled with an inulinase solution with a
concentration of 2-:102 mmol/l. Inulinase solutions
were prepared on the basis of an acetate buffer. At cer-
tain intervals, 1.0 ml samples were taken and the con-
centration of the substance was determined by the
spectrophotometric method. The total amount of pro-
tein in native enzyme preparations was determined
spectrophotometrically using the Lowry method, in
immobilized enzymes — by the modified Lowry
method. The process was considered to be completed
if the substance content in the solution did not change
for some time. The absorption spectra of solutions
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were recorded on a Shumadzu UV-2401 spectropho-
tometer, the spectral width of the slit is 0.5 nm, the
scanning step is 0.5 nm, the scanning speed corre-
sponded to the Slow mode.

The method of variable concentrations was
used to obtain sorption isotherms. Sorbent suspensions
(1.0000 + 0.0002 g) were brought into contact with So-
lutions of various concentrations ((0.25-2.5)-10 mmol/l),
based on 0.1mol/l acetate buffer pH 4.7. Immaobiliza-
tion was carried out during for 4 h under static condi-
tions at a temperature of 20.0 = 1.5 °C with periodic
stirring. The amount of substance in the sorbent phase
was calculated from the difference in the concentra-
tions of the initial and equilibrium solutions. Protein
desorption into buffer solutions was no more than 2%.

Experiments to determine the activity of en-
zyme preparations were conducted in a thermostati-
cally controlled reactor in which the incubated liquid
was stirred using a magnetic stirrer. The catalytic ac-
tivity was measured with the help of the spectrophoto-
metric method by the Selivanov reaction using resor-
cinol [16]. For a unit of inulinase activity, such an
amount of an enzyme was taken that catalyzes the hy-
drolysis of inulin for 1 min with the formation of 1 umol
of fructose.

Inulinase activity was calculated by the formula:
-2 1
~ 180bt’ &)

where A is the catalytic activity per mg of protein; a —
the amount of fructose, mmol; b — the amount of en-
zyme in the reaction mixture, mg/ml of hydrolysate; t
— the hydrolysis time, min; 180 — the molecular mass
of fructose.

The standard deviation of the obtained results
did not exceed 0.01.

RESULTS AND DISCUSSION

Kinetic sorption curves were obtained to deter-
mine the time to achieve equilibrium in the sorbent en-
zyme solution system. The equilibrium value of in-
ulinase adsorption for the studied sorbents is reached
on average within 250 min (Fig. 1).

To use polymer carriers in real technological
processes, an important requirement is not only a high
sorption capacity of the sorbent relative to the sorbate,
but also a short time period to achieve equilibrium in
the system. Considering the size of the inulinase (ra-
dius — 12.6 nm, height of the molecule — 6.4 nm) [17],
it is possible to note good kinetic properties of the
sorbents used.

The conducted studies have shown that the
highest value of inulinase sorption is observed in the
pH range 4.5-5.2 (Fig. 2), at this value heterogeneous
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biocatalysts showed the highest value of catalytic ac-
tivity. The activity of inulinase preparations immobi-
lized on the exchanger C100H at pH 4.7 is 83.5%, on
A500R —78.4%, on A100 — 64.8% of the activity of the
native enzyme (2500 U/g). It can be assumed that the
active centers of inulinase after immobilization be-
come sterically less accessible to the high-molecular
substrate — inulin. On the other hand, adsorption im-
mobilization stabilizes the inulinase molecule, primar-
ily the mobility of the tertiary structure which is re-
sponsible for the formation of the enzyme-substrate
complex, thus protecting the protein from the effects of
denaturing factors, pH in particular. Despite the de-
crease in the maximum reaction rate of inulin hydroly-
sis and catalytic activity compared to free inulinase, a
significant advantage is the possibility of reuse of a
heterogeneous biocatalyst.

1 Q~103, mmol/g

t, min

0 100 200 300
Fig. 1. Kinetic curves of inulinase sorption on C100H (1), A500R (2),
A100 (3). Q — the amount of sorbed inulinase, mmol/g; t — is the
duration of the process, min
Puc. 1. Kunetnueckue kpuBbie copOim naynnaazs Ha C100H
(1), A500R (2), A100 (3). Q — KOIU4IeCTBO COPOMPOBAHHOI HHY-
JIMHA3BI, MMOJITB/T; t — IPOJOIDKUTENFHOCTD MPOIIecca, MAH

R [

mmol/g
0.8
06 -

0.4

WN P

0.2

0 . . .

3 4 5 pH

Fig. 2. Dependence of the amount of sorbed inulinase (Q,
mmol/g) on C 100H (1), A 500R (2), A 100 (3) on the pH of the
equilibrium solution
Puc. 2. 3aBUCUMOCTb KOJIMYECTBA COPOMPOBAHHON HHYJIHHA3HI
(Q, mmoms/r) Ha C100H (1), A500R (2), A100 (3) ot pH paBno-
BECHOTO PacTBOpa
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The isotherms of inulinase sorption on the car-
riers under consideration, obtained at pH 4.7, are
shown in Fig. 3. In the region of low concentrations at
sorption isotherms, we observe an almost linear de-
pendence and the subsequent appearance of a plateau,
which corresponds to the formation of a monomolecu-
lar sorbate layer. Further, immobilization occurs due to
the interaction of inulinase molecules with each other,
which leads to the formation of polymolecular layers
on the surface of the sorbent.

Q-10%, mmol/g ;
0,8
0,6 3
0,4
0,2
C 102, mmol/Il
O T T 1
0 1 2 3

Fig. 3. Isotherms of inulinase sorption at C100H (1), A500R (2),
and 100 (3) at pH 4.7. C — equilibrium protein concentration in
solution, mmol/Il
Puc. 3. M3orepmbl copbrmu unynunaasel Ha C100H (1), AS00R
(2), A100 (3) mpu pH 4,7. C — paBHOBeCHas! KOHIIEHTpAIHs GelKa
B pacTBOpEe, MMOJIB/IT

Hydrophobic interactions and emerging hy-
drogen bonds between molecules, leading to the for-
mation of supramolecular complexes, probably play a
decisive role in the binding of inulinase to the carrier.
The three-dimensional structure of super-stitched pol-
ystyrene used as carriers is a polymer mesh with a de-
veloped inner surface (up to 1500 m?/g) and a certain
mobility capable of forming structured phases in such
a polymer matrix. This assumption has been noted dur-
ing the sorption of a number of organic substances [18-20].
The presence of reactive functional groups also makes
it possible to implement electrostatic interactions to en-
sure stronger carrier — enzyme bonds.

During immobilization, the catalytic activity
of a heterogeneous biocatalyst was controlled for each
value of the enzyme concentration. It was proved that
despite the decreasing of the inulinase activity during
immobilization, the total amount of the resulting prod-
uct will be higher than that of the native enzyme.

The study of the mechanism of formation of
the enzyme-carrier complex is necessary for the tar-
geted creation of immobilized enzyme preparations. It
is proved that enzymes are able to form supramolecular
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complexes when their microenvironment changes.
This phenomenon must be taken into account when se-
lecting conditions and methods of immobilization,
since the association-dissociation processes are one of
the key mechanisms for regulating the catalytic activity
of the biocatalyst [21]. Theoretical processing of sorp-
tion isotherms allows us to draw a conclusion that the
nature of the interaction in the sorbate-sorbent, sorb-
ate-sorbate, sorbate-solvent system can be used to op-
timize immobilization processes.

To describe quantitatively the isotherms of in-
ulinase sorption by super-crosslinked sorbents, the
BET model was used [22] (Table). The amount of im-
mobilized enzyme was calculated by the formula:

o Q.K.c, , (2)
(1_ KSCe)(l_ KSCe + KLCe)
where Q-107 is the amount of sorbed protein, mmol/g;
Q.-10% — the maximum amount of sorbed protein (the
amount of the monolayer protein to be sorbed),
mmol/g; ce-102 — the equilibrium concentration of the
solution, mmol/l; K. — the sorption equilibrium con-
stant characterizing the intensity of the sorption pro-
cess, I/mmol; Ks — the sorption equilibrium constant
for the polymolecular layer, I/mmol.

The values of the sorption equilibrium con-
stants included in the BET isotherm equation were cal-
culated using the linearized equation:

C. [ Ke=Ke) 1
Q(l_KsCe) QEKL ‘ roKL

The maximum quantity of the immobilized en-
zyme that composes the monomolecular layer was de-
termined from equations (4,5):

©)

1
= y 4
=ik (4)
K =Xik.. (®)
L b S

The sorption equilibrium constant for the pol-
ymolecular layer (Ks) was determined from the maxi-
mum authentic value of the line approximation

c, —¢./ Q(1-Kgc,)- (6)
Table
Values of sorption parameters calculated using BET

equations

Tabnuya. 3HaveHns1 cOpONMOHHBIX IAPAMETPOB,
PACCUMTAHHBIX C MCNIOJb30BaHHeM ypaBHeHuii BT
Q1073

Sorbent | K, I/mmol Ks, I/mmol | R?
mmol/g
A 100 3.58+0.05 | 0.42+0.01 | 0.72+0.06 | 0.95
A500R | 4.05+0.02 | 0.60+0.03 | 0.85+0.01 | 0.97
C100H | 4.25+0.04 | 0.65+0.02 | 0.92+0,02 | 0.96
52

The calculated values of sorption parameters
are presented in Table. It follows from the data ob-
tained that the maximum value of the sorption equilib-
rium constant (K.) has the cation exchanger C100H,
which indicates a greater affinity of the carrier to the
enzyme, compared to the anion exchangers studied.
Since the values of K for all carriers are higher than
K, itis possible to assume a greater role of the sorbent-
sorbate interaction, compared to the formation of com-
plexes of protein molecules. The obtained values of the
constants are consistent with the values of the constants
K. and Ks for organic substances during sorption by
carriers [23, 24].

The study of the cyclical action of the obtained
heterogeneous biocatalysts was carried out. To do this,
the immobilized enzyme (100 mg) was placed in test
tubes with an inulin solution (10 ml; 1 mmol/l) and hy-
drolysis was performed, the substrate was removed
every hour. It was revealed that a heterogeneous bi-
ocatalyst based on the sorbent C100H can be used
for an average of 11 cycles (Fig. 4), A500R — 9 cy-
cles, A100 — 8 cycles, which indicates a sufficiently
high stability of the obtained preparations.

90
80 -
70 -
60 -
50 -
40 -
30 -
20
10 -
D,

A, %

1t 2 3 4 5 6 7 8 9 10 111

n
Fig. 4. The multiplicity of the use of immobilized inulinase in the
reaction of hydrolysainulin. A— the activity (% of the maximum);
n — the number of reaction cycles
Puc. 4. KpaTtHOCTD UCTIONB30BaHISI HMMOOWIN30BAaHHON HHYJIH-
Ha3bl B PEaKIUK THAPOIHN3a HHYIHHA. A — akTHBHOCTD (% OT
MaKCHMaHBHOﬁ); N — KOJINYECTBO PCAKIIMOHHBIX NUKIIOB

Despite the decrease in the maximum reaction
rate of inulin hydrolysis and catalytic activity com-
pared to free inulinase, a significant advantage is the
possibility of reuse of a heterogeneous biocatalyst.

The results obtained during the experiment
confirm the relevance and prospects of further investi-
gation of biocatalysts based on super-crosslinked
sorbents.
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CONCLUSION

The paper considers the regularities of adsorp-
tion immobilization of inulinase on macroporous su-
per-crosslinked ion exchangers. Optimal conditions for
the immobilization process were established: time — 4 h,
pH — 4.7, sorbate concentration — (2-2.5)-102 mmol/I.
The catalytic activity of heterogeneous biocatalysts is
64.8-83.5% of the activity of the native enzyme. One
of the advantages of immobilized enzymes is the pos-
sibility of their reuse. It has been established that im-
mobilized inulinase can be used during 8-11 cycles in
the inulin hydrolysis reaction.

It is noted that inulinase sorption isotherms on
the carriers under consideration have a polymolecular
character. The values of sorption parameters for pre-
diction and description of polymolecular sorption on
carriers are calculated using the BET equations. The
data obtained in this work confirm the expediency of
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