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1  INTRODUCTION

Inulin is homobiopolymer formed of linear chains of f
2,1-D-fructofuranose molecules terminated with a glucose

Aliaksandr Baidak*® |

Albert Krastanov®

This paper describes the development of a simple method for mixed non-covalent and
covalent bonding of partially purified inulinase on functionalized multiwall carbon
nanotubes (FMWCNTSs) with polypyrrole (PPy). The pyrrole (Py) was electrochemi-
cally polymerized on MWCNTs in order to fabricate MWCNTs/PPy nanocomposite.
Two multiple forms of enzyme were bound to N-H functional groups from PPy and
-COO™ from activated MWCNTs to yield a stable MWCNTs/PPy/PEG immobilized
preparation with increased thermal stability. Fourier transform infrared (FTIR) spec-
troscopy and scanning electron microscopy (SEM) were used to confirm functional-
ization of nanoparticles and immobilization of the enzyme. The immobilization yield
of 85% and optimal enzyme load of 345 ug protein onto MWCNTs was obtained.
The optimum reaction conditions and kinetic parameters were established using the
UV-Vis analytical assay. The best functional performance for prepared heterogeneous
catalyst has been observed at pH 3.6 and 10, and at the temperatures of 60 and 80°C.
The half-life (¢;,) of the immobilized inulinase at 60 and 80°C was found to be 231
and 99 min, respectively. The reusability of the immobilized formulation was evalu-
ated based on a method in which the enzyme retained 50% of its initial activity, which
occurred after the eighteenth operation cycle.
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residue at the position # 1,2. Inulinases (2,1-f-D-fructan fruc-
tanohydrolase, EC 3.2.1.7) are the enzymes that hydrolyze
inulin, producing fructooligosaccharides, fructose, and
glucose as main products [1]. Fructooligosaccharides can be
employed as functional ingredients in food products, acting

Abbreviations: ATPS, aqueous-two phase system; CNT, carbon nanotube;
f-MWCNT, functionalized multiwall carbon nanotube; FTIR, Fourier
transform infrared; #,/,, half-life; MWCNT, multiwall carbon nanotube;

as prebiotics, sugar substitutes, or fat replacers [2]. Inulinases
are versatile biocatalysts extensively used in a wide range of
industrial processes for obtaining high fructose syrup [3-5]
and fructooligosacharides [6,7], and to a lesser extent,

PPy, polypyrrole; Py, pyrrole; SEM, scanning electron microscopy.
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bioethanol [8,9], citric acid [10], alcohols and lactic acid [11].
However, using the enzymes in their free form is not economi-
cally viable due to their structural instability and the loss of the
enzyme during hydrolysis; moreover, released inulinase might
also contaminate the products of reaction [12]. Immobiliza-
tion, i.e. the loading of an enzyme onto supporting template,
can be used to overcome these limitations. Immobilization
simplifies enzyme handling, provides easier separation of the
catalyst from the product; it mitigates the contamination of a
final product, and allows for efficient recovery of the enzyme
and its repeated use [13,14]. Another benefit of immobi-
lization is the improved structural stability of an enzymatic
system towards heat and organic solvents, as well as increased
resistance to autolysis [14]. Immobilized enzymes exhibit
enhanced operational stability, therefore, represent more
preferred choice for continuous automated processes in
comparison to free enzyme forms [12]. The choice of carrier
is determined by the cost of the catalyst that should not
exceed a few percent of the total production cost [15].

Previously, inulinase has been immobilized on various sup-
ports, e.g. biopolymers (chitin, chitosan, alginate) [16-20],
synthetic polymers (polyurethane foam, polyvinyl alco-
hol) [21,22], inorganic supports (MWCNT, silica nanopar-
ticles) [3,23-25], or hybrids consisting of organic and
inorganic parts (poly-d-lysine coated CaCO5 microparticles,
magnetic nanoparticles with wheat gluten hydrolysates, mag-
netite chitosan microparticles) [26-28]. Generally speaking,
nanomaterials are currently widely used for immobilization
of proteins. Particular examples include, but are not limited
to, enzymes, gene delivery, and fabrication of various drugs
and vaccines as well as in cancer therapy [29].

Wide use of nanomaterials for immobilization is due to
their extraordinary properties, such as mass transfer resistance
and high specific surface area, both favor significant loading
of biomolecules onto a matrix [30-33]. Among nanomateri-
als, carbon nanostructures have attracted great attention for
potential applications in biotechnology [24,30,34-37].

CNTs are folded graphene layers in form of a cylinder with
diameter of several nanometers and length of few microme-
ters [31,36,38,39]. CNTs in their pristine form do not pos-
sess any functional groups. Nevertheless, their surface can
be easily modified by: (a) partial oxidation of carbon nano-
materials resulting in creation of various oxygen-containing
functionalities within its structure; (b) non-covalent as well
as (c) covalent functionalization [38]. Upon functionaliza-
tion of CNTs, their dispersibility in suitable solvents increases
while their tendency to aggregate reduces. Functionalization
is known to enhance interactions of modified CNTs with
biomolecules afforded through van der Waals forces, hydro-
gen or covalent bonding [40,41]. The electrical conductiv-
ity and mechanical properties of composite materials can be
enhanced if CNTs are introduced into a conductive polymer
such as PPy. This polymer is easily synthesized and has good

PRACTICAL APPLICATION

This work concerns the development of a new in situ
method for a mixed (physical and chemical) immo-
bilization of inulinase onto the carbon-polymer
nanocomposite. More specifically, inulinase (an
enzyme that hydrolyses inulin into fructooligosac-
charides), sourced from Bacillus sp. 11/3, has been
immobilized onto activated multiwalled carbon
nanotubes/polypyrrole (MWCNT/PPy) composite.
Prior to immobilization, the enzyme was partially
purified in PEG phase by a technique called aqueous
two-phase systems (ATPSs). The main advantage of
our approach is that it allows skipping the separation
of the enzyme from the PEG phase and hence pro-
vides a straightforward method for direct inulinase
immobilization onto MWCNTs.

stability under ambient conditions [42]. The nanocomposite
consisting of CNT and PPy or PEG has been shown to pene-
trate mouse B-cells cortical neurons with only 10% non-viable
cells [43]. This finding has inspired further research into using
the CNT/PPy composite as a carrier for targeted drug deliv-
ery [44].

Using CNTs for immobilization of enzymes is another
promising research area. For example, Mubarak et al.,
2014 [30] have reported successful non-covalent immobi-
lization of cellulase onto functionalized CNTs by oxidation
featuring high enzyme loading and prolonged reusability
of the immobilized preparation. Pavlidis et al., 2010 [35]
reported the immobilization of Candida antarctica lipase
B on MWCNTs, which were covalently functionalized by
tetra-n-octylammonium bromide and hexadecylbromide. Kim
et al., 2009 [36] have shown successfully achieved immo-
bilization of HRP on MWCNTs using succinimidyl ester as
a cross-linker; while Garlet et al., 2014 [24] have used the
oxidized MWCNTSs containing carboxylic groups (-COOH)
for non-covalent inulinase immobilization and reported
very fast and highly efficient adsorption of the enzyme
into immobilized formulation. On contrary, Kim et al. [45]
reported a simple immobilization of glucose oxidase on
intact MWCNTs by adding them directly into an aqueous
enzyme solution, resulting in simultaneous CNT dispersion
and facile enzyme immobilization through sequential enzyme
adsorption, precipitation, and crosslinking by glutaralde-
hyde. In more recent study, Singh et al. [3] used modified
MWCNTs with 3-aminopropyl-triethoxysilane to generate
amino-terminated surfaces for inulinase from Penicillium
oxalicum immobilization and obtained maximal inulinase
activity of 60.7% and immobilization yield of 74.4%, while
the enzyme lost 28% of its initial activity after the tenth
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cycle. Later, in another study, the same author Sing at al. [23]
immobilized the same inulinase on aminated MWCNTSs by
glutaraldehyde cross-linking process and reported increased
inulinase activity of 1.22-fold and increased immobilization
yield of 1.14-fold, in comparison to his previous study.

In this work, a successful use of carbon nanomaterials for
a novel method of inulinase immobilization is demonstrated.
Inulinase was produced by submerged fermentation of Bacil-
lus sp. 11/3, as described in Temkov et al. [46]. The enzyme
was partially purified by ATPS and then immobilized onto
MWCNTs. The inulinase was extracted in PEG phase. The
novelty of our approach is the one-step straightforward fabri-
cation of immobilized preparation. Namely, after the extrac-
tion of the inulinase in the PEG phase, the separation of
the enzyme, which is commonly performed by using time-
consuming ultrafiltration, can be skipped and the catalyst can
be prepared directly from PEG, producing a preparation with
enhanced thermal and operational stability.

According to the literature, the adsorption of PEG on the
PPy stabilizes the particles and occurs probably via hydrogen
bonding mechanism with the pyrrole (Py) N-H group [47].
PEG derivatives can be irreversibly adsorbed on carbon nan-
otubes (CNTs). The resulting PEG coated nanotubes can
exhibit certain degree of protein resistance for nonspecific
adsorption. The attachment of a protein on sidewalls of
MWCNT depends on the uniformity of the polymer layer
adsorbed on nanotubes. It is found that relatively small pro-
teins (~60 kDa) can be adsorbed more readily to the sidewalls
of MWCNTs [47-49]. In another study, the non-aromatic
polymers have been reported to disperse CNTs via wrap-
ping mechanism, pointing out the importance of the CH-=»
interaction between the polymer and the CNTs. Moreover,
the hydrophobic part of the proteins connects with CNTs by
multi-point OH—7 interactions [50].

Our method is based on a simple physical adsorption
of PEG onto functionalized multiwall carbon nanotubes
(-MWCNTs) assisted by the hydrogen bonding involving the
N-H groups from PPy and the O-H groups from PEG. How-
ever, the enzyme seems to be attached to the nanocomposite’s
structure by a combination of non-covalent and covalent
mechanisms. Systematic characterization of the immobilized
preparation was performed in order to determine the optimal
enzyme loading as well as the optimal working parameters,
kinetics, and the operational stability.

2 | MATERIALS AND METHODS

2.1 | Materials

Pyrrole and SDS were supplied by Sigma Aldrich, USA. PEG
(M,, = 1000 g/mol) was provided by Merck, Germany. Chem-
ically modified MWCNTs (functionalization with —COOH

in Life Sciences

groups) were received from Joint Research Centre (JRC), NM
400. Inulin isolated from the Jerusalem artichoke (degree
of polymerization > 25) was a gift from Beneo, Belgium.
Bradford reagent and BSA were obtained from Bio-Rad,
USA. 4-Hydroxybenzhydrazide (PAH-BAH) was purchased
from Alfa Aesar, Germany. All chemicals were of analytical
grade. Extracellular inulinase used in these experiments was
obtained by submerged cultivation from Bacillus sp. 11/3. All
chemicals were used as received with exception of Py, which
was purified by distillation prior to use.

2.2 | Electropolymerization of MWCNTs/PPy

Functionalized MWCNTs were coated with PPy by elec-
trochemical polymerization. The electro-polymerization was
performed in 100 mL three-electrode one-compartment glass
cell. The working and counter electrodes were platinum tiles
with active surface of 10 cm?. Saturated calomel electrode
was used as reference electrode. The polymerization elec-
trolyte was prepared using multistep procedure. First, 0.01 M
of SDS was dissolved in water. Py was added to the pre-
pared SDS solution to achieve 0.1 M concentration of Py in
the final solution. Finally, the chemically modified MWCNTSs
were added to the mixture. The mass ratio of -MWCNTs vs.
Py was kept at 1:10. Before the start of electropolymerization,
the electrolyte containing carbon nanostructures was ultrason-
icated for 15 min in order to obtain stable dispersion. The elec-
trochemical polymerization of MWCNTSs/PPy nanocomposite
was performed at galvanostatic conditions using constant cur-
rent of 2.91 mA for 15 min in order to maintain constant depo-
sition rate [51]. For these experiments, WENKING HC 500
potentiostat/galvanostat was employed. After electro deposi-
tion, the nanocomposite was removed from the platinum elec-
trode, washed several times with distilled water, and dried at
room temperature.

2.3 | Inulinase production

Extracellular inulinase was obtained by submerged cultivation
of Bacillus sp 11/3 isolated in the University of Food Tech-
nologies in Plovdiv. The medium used for strain isolation,
maintenance, and enzyme production had the following com-
position (g/L): inulin, 4; yeast extract, 4; peptone, 4; MgSO,,
0.16; K,HPO,, 0.8. The pH was adjusted to 8 with 20 wt%
NaCOj; aqueous solution. The fermentation was conducted in
flasks placed on a moving rotary shaker (200 rpm) at 50°C
for 24 h [52]. Then the culture medium was centrifuged at
14 000 rpm for 3 min to ensure total removal of the microbial
cells. The supernatant was collected and stored at —18°C until
further analysis. The obtained culture medium free of cells
was used as a crude enzyme solution.

For the enzyme purification, the ATPS technique was used
as described in our previous study [52]. The optimal system
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(1) Procedure of functionalization of MWCNT with PPy by electrochemical polymerization at galvanostatic conditions. First, Py

was added to the prepared SDS solution, and after chemically modified MWCNTSs was added to the mixture in mass ratio of f-MWCNTs vs. Py at
1:10 and immobilization of enzyme on f-MWCNT. (2) Procedure of immobilization of inulinase enzyme on functionalized MWCNTs, using

concentrated PEG phase enriched with the enzyme

composition which yielded the best purification parameters,
was found to be 26 wt% PEG (molecular weight 1000 g/mol)
and 26 wt% MgSO,. The enzyme was partitioned in PEG
phase, while the bulk proteins partitioned in the salt phase.
PEG phase with the entrapped enzyme was subjected to vac-
uum evaporation at 40°C to achieve protein concentration of
115 pg/mL in the final solution.

2.4 | Immobilization of inulinase enzyme
on functionalized MWCNTs

Immobilization of inulinase onto modified -MWCNTSs was
performed using different quantities of concentrated PEG
phase enriched with the enzyme, added to 20 mg of f-
MWCNTs. The prepared dispersions were mixed in glass
tubes on a 3D shaker at 25°C, 60 rpm for 24 h, fol-
lowing centrifugation at 6000 rpm for 15 min. Finally, f-
MWCNT/PPy/PEG-inulinase composites were washed four
times with water to remove unbound proteins, and then left
to air dry for 48 h prior to further tests. The bound protein
was determined indirectly by subtracting the amount of intro-
duced protein to the carriers and the protein recovered in the
supernatant fractions. Protein concentration was determined
according to Bradford method [53], using BSA as a standard.
The mass ratio of immobilized inulinase on the particles rep-

resents the enzyme loading capacity. The whole procedure of
fabrication of MWCNT/PPy composite and inulinase immo-
bilization onto it is presented in Figure 1.

2.5 | Characterization of functionalized
MWCNT and immobilized inulinase

The morphology of pristine MWCNTSs, functionalized MWC-
NTs, and MWCNT/PPy/PEG-inulinase composites was deter-
mined by scanning electron microscopy (SEM) using TES-
CAN VEGA3LMU, equipped with the EDS analyzer from
Oxford Instruments. Small samples of air dried pristine
MWCNT, MWCNT/PPy, and MWCNT/PPy/PEG-enzyme
composites were mounted on carbon tape on a copper stub,
followed by 60 nm of gold deposition using a sputter coater.
Vibrations of characteristic functional groups in these materi-
als were characterized by Fourier transform infrared (FTIR)
spectroscopy using Perkin Elmer PARAGON instrument.
FTIR spectra were recorded using attenuated total reflectance
technique in the frequency range of 4000 to 550 cm™!, with
32 scans per minute using He-Ne laser.

2.6 | Inulinase activity assay

Inulinase activity assay was performed by incubating 0.025 g
MWCNT/PPy/PEG-inulinase with 2.5 mL 2% w/v inulin
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dissolved in carbonate-bicarbonate buffers (CO;>~/HCO;™)
(pH 10) at 50°C for 20 min. After incubation, the reaction
tubes were kept in a boiling water bath for 15 min to sup-
press the activity of inulinase and to stop the reaction; the
dispersions were then cooled to room temperature. The reac-
tion mixture was assayed for reducing sugar by a modified
method described by Lever, 1972 [54]. 250 uL of the reac-
tion mixture and 1750 uL solution of PAH BAH dissolved
in 10% 0.5 M HCI and 90% 0.5 M NaOH was boiled for
10 min. After cooling, the absorbance at 410 nm was mea-
sured by using a microplate reader SPECTROSTAR-Nano
(BMG LABTECH). The absorbance values were translated
into the amounts of fructose produced during the reaction
using a fructose calibration curve. One unit of enzymatic
activity was defined as the amount of enzyme needed to liber-
ate 1 pymol of fructose per minute under the assay conditions.
Assays were performed in triplicate and average value was
used in calculations. The efficiency of immobilization at dif-
ferent enzyme dosages was calculated by using equations (1)
and (2) for the immobilization yield of protein and activity
recovery, respectively:

Immobilization yield of protein(%)

_ Protein concentration in supernatant %100 (1)
B Protein concentration in PEG phase
Activity recovery(%)

_ Total activity of immobilized enzyme @

" Total activity of enzyme in PEG phase

2.7 | Operational and storage stability
of immobilized inulinase enzyme

The operational stability of the immobilized enzyme
was examined under the optimal conditions defined in
Sections 2.8 and 2.9 and by using the enzymatic assay
described in Section 2.6. The MWCNT/PPy/PEG-inulinase
composite was removed by centrifugation (6000 rpm,
15 min) after each cycle, washed with distilled water, and
re-suspended in new portion of 2% inulin solution for the
next cycle. Each cycle lasted for 1 h, after which an aliquot of
the solution was taken for the enzyme activity analysis. The
activity of the immobilized enzyme after the first cycle was
set as a control and assumed to possess a relative activity of
100% [30]. The aliquots of prepared catalyst were stored at
4°C and the residual activity was determined after 6 months
of storage.

in Life Sciences

2.8 | Effect of pH on immobilized inulinase
activity and stability

Inulinase activity was measured at different pH in the range
between 3.6-10.7 by deploying the enzyme activity assay
described in Section 2.6. Acetate (CH;COO~/CH;COONa)
in the pH range 3.6-5.2, phosphate (H,PO,~/HPO,%") in
the pH range 5.8-8.0, and carbonate-bicarbonate buffers
(H,CO3/HCO;™) having pH from 9.5 to 10.7 were used
to achieve desired pH conditions. The pH stability of free
vs. immobilized inulinase was tested by preincubating free
and immobilized enzyme for 120 min at 50°C in the buffer
solutions with the same ionic concentrations and pH val-
ues from 3.6 to 10.7. After the incubation, the residual
inulinase activity was measured under standard assay con-
ditions. The recovered activity was normalized taking into
account the same amount of enzyme for both free and
immobilized form.

2.9 | Effect of temperature on immobilized
inulinase activity and stability

Inulinase activity was measured in a wide temperature range
between 20 and 90°C, with the measurements taken at 10°C
increments, following the method described in the Section 2.6
and using the optimal pH conditions determined as described
in the Section 2.8. The temperature stability of the free and
immobilized enzyme was tested by preincubation in a tem-
perature range of 20-90°C for 120 min. After the incubation,
the residual inulinase activity was measured at standard assay
conditions. The recovered activity was normalized taking into
account the same amount of enzyme. The activity was also
measured during preincubation at appropriate time intervals
in order to estimate the thermal stability of the enzyme [26].
The inactivation process follows the first order reaction kinet-
ics; it is determined according to the equation (3). The half-
lives (¢,,,) and D values of the enzyme were calculated using
the equations (4) and (5).

Ay
In=2 =ky-t 3
n A d ( )
In2
t )y === &)
/2= 3
D value = 219 (5)
kd

where A, and A are the initial and the residual activities,
respectively, and k4 represents the inactivation rate constant.

2.10 | Kinetic studies

To obtain kinetic parameters, K, and V., for inulinase,
5 mL aliquots containing 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0% of
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FIGURE 2 SEM images of: (A) pristine -MWCNTs with -COOH functionalization, which exhibits a presence of defects manifesting
themselves as irregularities in shape or as agglomeration of the CNTs; (B) MWCNTs/PPy nanocomposite, which exhibits globular morphology

featuring CNTs wrapped with polymer sheets of PPy; and (C) MWCNTs/PPy/PEG-inulinase catalyst, which becomes completely wrapped with

PEG-inulinase

inulin were hydrolyzed with 0.025 g of the immobilized inuli-
nase in 0.1 M carbonate-bicarbonate buffer (H,CO3;/HCO; ™)
(pH 10) at 30°C for 20 min. The reaction was terminated at
100°C for 15 min. A Lineweaver—Burk plot was generated to
obtain the K, and V,,,,, and the values were expressed as the
mean of the triplicate experiments.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of functionalized
MWCNTs/PPy and MWCNTs/PPy/PEG-
enzyme composites

3.1.1 | SEM

SEM was used to explore the changes in morphology
of the MWCNTs upon formation of its nanocomposites
with PPy and PEG-inulinase. Three systems were char-
acterized, namely: (1) pristine FMWCNTs with -COOH
functionalization, (2) MWCNTs/PPy nanocomposite and
(3) MWCNTs/PPy/PEG-inulinase catalyst. Obtained SEM
images of these materials are shown in Figures 2A, 2B,
and 2C, respectively. As can be seen from Figure 2A, the
morphology of pristine -MWCNTs is represented by bundles
of intertwined nanotubes with a length of several microme-
ters. Some regions of f-MWCNTs exhibit defects manifesting
themselves as irregularities in shape or as agglomeration of
the CNTs. The appearance of these defects can be attributed
to the chemical modification of this material. Figure 2A also
shows that FMWCNTs have porous structure. The pores,
uneven sites, and other defected regions are preferred loca-
tions for functionalization; hence, this is where carboxylic
groups are likely to be formed [55]. The morphology of the
nanocomposite consisting of COOH-MWCNTs and PPy is

shown in Figure 2B. As can be seen in this SEM image,
the original porosity of COOH-MWCNTs is reduced due to
the PPy filling in void spaces between CNTs. The formed
nanocomposite of COOH-MWCNTs and PPy exhibits
globular morphology featuring CNTs wrapped with polymer
sheets of PPy. Although reduced in comparison to pristine
f-MWCNTs, the remaining porosity of the fFMWCNTs/PPy
nanocomposite is beneficial for the formation of the target
F-MWCNTs/PPy/PEG-inulinase nanocomposite. The SEM
image for the latter, shown in Figure 2C demonstrates that the
JF-MWCNTs/PPy material becomes completely wrapped with
PEG-inulinase in the final nanocomposite. This type of mor-
phology reflects the formation of much larger structures with
the size up to 100 um, in which pores become hidden or filled
in comparison to the fFMWCNT and the f~-MWCNTs/PPy
composites. This result suggests that the enzyme becomes
completely entrapped within the nanocomposite structure,
i.e. the desired loading of the inulinase onto the matrix is
successfully accomplished.

3.1.2 | FTIR Spectroscopy

In order to determine which chemical bonds were affected
by the synthetic modifications, all materials of interest were
investigated using FTIR spectroscopy in attenuated total
reflectance mode. In Figure 3A, FTIR spectra of the pristine
FMWCNTs and f~MWCNT/PPy nanocomposite are shown.
Pristine -MWCNTs as well as the -MWCNTs/PPy nanocom-
posite (Figure 3A) give featureless infrared spectra with just
a handful of characteristic peaks, which is in accord with
the previously published data [56]. The bands appearing
at 1652 cm™! and in the region of 1512 to 1567 cm™' of
the ~FMWCNTs sample correspond to the asymmetric and
symmetric stretching of the aromatic rings [57]. Furthermore,
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FIGURE 3 FTIR spectra: (A) Pristine f-MWCNTSs and
f-MWCNTSs/PPy nanocomposite, which give featureless infrared
spectra with just a handful of characteristic peaks. The reduction of the
peak intensity at 2360 cm™! in the spectrum of the MWCNTSs/PPy
nanocomposite in comparison to pristine MWCNTSs suggests an
efficient wrapping of the f-MWCNTs with PPy macromolecules. (B)
(1) pristine PEG extract with characteristic band at 1096 cm™'due to
the C-O stretching, (2) aqueous PEG containing inulinase with two
characteristic bands at 1649 and 1543 cm™! emerging due to the amide
group I and amide group II vibrations, respectively, originating from
the protein and (3) the final FMWCNTs/PPy/PEG-inulinase
nanocomposite with characteristic amide peaks, that have lower
intensity due to the lower concentration of inulinase in the immobilized
preparation

the bands at 1130 cm™! as well as in the region between
1023 and 1083 cm™! are due to the in-plane vibrations of
C-H bonds. In contrast, aforementioned bands do not appear
in the spectrum of the -MWCNTs/PPy nanocomposite, sug-
gesting an effective wrapping of MWCNTs with the polymer
and strong interaction between individual components of the
nanocomposite. In the region between 2848 and 2882 cm™!,
there is characteristic band expected to appear due to the
strong vibrations of C—H bond stretching; however, in this

in Life Sciences

study this peak has not been found for both pristine f-
MWCNTs and the -MWCNTs/PPy nanocomposite. The most
prominent band at ca. 2360 cm~! corresponds to the O-H
stretch emerging from a strongly hydrogen-bonding -COOH
groups [58]. The reduction of the peak intensity at 2360 cm™!
in the spectrum of the MWCNTs/PPy nanocomposite in com-
parison to pristine MWCNTs suggests an efficient wrapping
of the fMWCNTs with PPy macromolecules.

Figure 3B corresponds to further steps of the f-
MWCNTs/PPy/PEG-inulinase nanocomposite fabrication
and presents the FTIR spectra of: (1) pristine PEG extract,
(2) aqueous PEG containing inulinase and (3) the final
JF-MWCNTs/PPy/PEG-inulinase nanocomposite. The FTIR
spectrum of PEG features the band at 2883 cm™! emerging
due to the aliphatic C-H stretching and peaks at 1466 cm™!
and 1341 cm™! due to the C-H bending vibrations. The
most prominent characteristic band in the PEG spectrum
is observed at 1096 cm~!due to the C-O stretching [58].
Significant spectral differences are seen in the PEG-inulinase
system in comparison to pristine PEG. Thus, two charac-
teristic bands at 1649 and 1543 cm~! emerge due to the
amide group I and amide group II vibrations, respectively,
originating from the protein itself. Since the PEG-inulinase
system retains residual water, the band at 3230 cm~! could be
assigned to the N-H and O-H stretching, or a mixture of both.
Importantly, the characteristic amide peaks are also present
in the final immobilized product-the MWCNT/PPy/PEG-
inulinase. However, the bands have lower intensity due to
the lower concentration of inulinase in the immobilized
preparation [30,35,59,60]. This FTIR data unambiguously
confirm that the enzyme becomes successfully incorporated
into the target nanocomposite.

3.2 | Effect of enzyme concentration
on the efficiency of immobilization

The effect of the enzymatic loading on immobilization yield
and activity recovery is presented in Figure 4A. The load-
ing of enzyme molecules onto nanoparticles is dependent on
the amount of enzyme available for immobilization and the
active surface area of the matrix. In this work, an efficient
loading of inulinase onto the MWCNTs/polymer nanoparti-
cles has been achieved; the loading varied between 57 and
345 ug of the deposited protein with the corresponding immo-
bilization yields varying between 68 and 85%, respectively.
High immobilization yield of ca. 85% achieved in this work
is likely to be due to the high surface area of the nanocom-
posite, its porous structure, and high abundance of carboxylic
functional groups [30,35]. The activity recovery (Figure 4A)
was found to be proportional to the enzyme bonded to the
support; it increased from 20.8 to 90.2% for the lowest and
highest enzyme loadings, respectively. In this work, the quan-
tity of the immobilized inulinase is two or three orders of
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highest enzyme loadings, respectively. (B) Operational stability of immobilized inulinase in batch operation mode. The MWCNT-inulinase

composite retained 50% of its initial activity after 18 cycles

TABLE 1 Comparison of support-to-enzyme weight ratio, immobilization yield and catalytic activity of the present work with the published

data
Support- “Normalised”
to-enzyme Catalytic Catalytic
weight Immobilization activity activity (U/g
Publication Immobilized preparation Immobilization method ratio yield (%) (Ulg) pure enzyme)
This work Inulinase on fFMWCNT Mixed non-covalent and 58:1 85.0 10.8 613.0
covalent bonding
Costa et al., 2001 Catalase on alumina Glutaraldehyde crosslinking 25:1 36.9 2190.0 54 750.0
(covalent bonding)
Mubarak et al., 2014 Cellulase on MWCNT Physical adsorption 1:1 97.6 0.98 0.98
Ahmad & Khare, Cellulase on MWCNT Carbodiimide coupling 12:1 85.0 19.9 238.8
2018 (covalent bonding)
Goémez et al., 2005  p-glycosidase on MWCNT Electrostatic interactions 1.6:1 / 400.0 640.0
Pavlidis et al., 2010 Lipase on fMWCNT Physical adsorption 10:1 53.9 / 539.0
Basso et al., 2010 Inulinase on amino Sepabeads Amino: glutaraldehyde / 76.0 300.0 /
crosslinking
Basso et al., 2010 Inulinase on epoxy Sepabeads  Epoxy: nucleophilic attack ~ / 75.0 204.0 /
Singh & Chauhan, Inulinase on amino (+NH,) Glutaraldehyde crosslinking 1.8:1 84.9 88.6 161.0
2019 MWCNT
Singh et al., 2019 Inulinase on 3-aminopropyl- Covalent bond 3.3:1 74.4 9.0 29.7
triethoxylane MWCNT

magnitude smaller than the total mass of the nanocompos-
ite. For example, even the highest loaded amount of 345 ug
of the protein is very small compared to the 20 mg of the
total mass of the nanocomposite, corresponding to ca. 60:1
nanocomposite-to-inulinase weight ratio. Such ratio is due
to the fact that the enzyme is delivered to the nanocompos-
ite by PEG, whose large molecules saturate the composite’s
porous structure and thus inhibit further uptake of the enzyme.
To put our result into perspective, we compared the immo-
bilized preparation produced in our work to a selection of
other supported enzymatic systems reported in literature. The
result of this comparative exercise is presented in Table 1.

Using silanized alumina support, Costa et al., (2001) [39]
has achieved the loading of 200 mg of the catalase onto
5 g of the support, corresponding to 25:1 support-to-catalase
weight ratio. Mubarak et al., (2014) [14] have reported opti-
mal enzyme loading of 1 mg of the enzyme to 1 mg sup-
port, while Gomez et al., (2005) [40] reported the highest
enzyme load of 630 pg/mg support for the f-glycosidase
immobilized on MWCNT corresponding to 1.6:1 support-to-
enzyme ratio. Ahmad & Khare, (2018) [37] have achieved
85% immobilization efficiency of cellulase onto MWCNT.
In contrast, Pavlidis et al., (2010) [18] have attained higher
immobilization yield of 53.9% by using lower initial lipase
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concentration, i.e. 10:1 support-to-enzyme ratio, rather than
1.6:1 support-to-enzyme ratio, when 40.6% immobilization
yield was achieved. Good immobilization yield of 75 and 76%
was achieved when inulinase was covalently immobilized on
epoxy and amino Sepabeads via direct nucleophilic attack of
g-amino groups of lysine to the epoxy group or crosslinking
by glutaraldehyde [61] using 77 U per gram wet polymer. The
most recent studies [3,23] show that crosslinking and immo-
bilizing the inulinase by glutaraldehyde on MWCNT signifi-
cantly increase the immobilization yield from 60.7 to 84.9%
but not the recovered activity, which remained around 74%.
The authors used lower support-to-enzyme weight ratio when
they achieved higher immobilization yield.

3.3 | Operational and storage stability
of immobilized inulinase enzyme

To be economically viable, industrial enzymatic systems
must be capable of retaining high catalytic activity after
multiple uses. This goal can be achieved by attaching
enzymes to solid supports; these immobilized catalysts can
be recovered from reaction media and reused several times.
The examination of operational stability in laboratory settings
allows determining feasibility of industrial application of
immobilized preparation. The results of operational stability
evaluation of the inulinase immobilized on f-MWCNT/PPy
composite are shown in Figure 4B. From Figure 4B, it can be
seen that the activity of the immobilized inulinase gradually
decreased after each cycle. The reason for this activity
decline might be related to weakly bonded inulinase being
detached and washed away from the CNT or its deactivation
during the process. Nevertheless, the MWCNT-inulinase
composite retained 50% of its initial activity after eighteen
cycles. Our result compares quite favourably to the published
data. For example, Zhu and Sun, 2012 [37] immobilized
lipase on glutaraldehyde-activated nanofibrous membranes
which retained activity of 69% after the tenth cycle. Ahmad
and Khare, 2018 [60] were able to reuse their immobilized
preparation ten times. Mubarak et al., [30] used MWCNT for
cellulase immobilization which lost almost 50% of its initial
activity at the sixth cycle; Pavlidis et al., [35] observed 10%
decrease in enzymatic activity just after the fourth cycle of
reuse. When inulinase was immobilized on 3-aminopropyl-
triethoxysilane -MWCNTs, only 28% of the initial activity
was preserved after the tenth consecutive batch cycle [3], but
when the immobilization technique was improved by the same
authors by adding cross-linking step with glutaraldehyde, the
operational stability of the immobilization preparation has
reached upto impressive 43 cycles. The immobilized enzyme
of our preparation preserved 50% of its initial activity after
6 months of storage. Our findings are a promising result for
potential use of this composite in industrial application.

in Life Sciences

A 100.0

90.0
80.0
70.0
60.0
500
400
300
200
100

Relative Activity (%)

100.0

Relative Activity (%)

28 34 4 46 52 58 64 7 76 82 88 94 10 106

pH

—— pH stability ofimmobilized enzyme —&— pH stability of free enzyme

FIGURE 5 Effect of pH on free and immobilized inulinase: (A)
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wide range of pH (3.0-10.7). The pH profile of the free enzyme
(partially purified in PEG phase) exhibits two peaks of optimal pH at 8
and 5.8, suggesting that the inulinase is present in two multiple forms.
pH profile for the partially purified immobilized inulinase on the
FMWCNT showed two pH optimums at 3.6 and 10. The free form of
inulinase remained stable in the pH range between 4.6 and 7.6 retaining
96% of its initial activity after 2 hours of incubation, whereas the
immobilized protein was stable at pH 10 preserving 99% of its initial

activity

3.4 | Effect of pH on immobilized inulinase
activity and stability

The normalized activity and stability of free and immobi-
lized enzyme calculated for the same amount of enzyme has
been evaluated under the same conditions in a wide range of
pH (3.0-10.7); the results are shown in the Figure 5SA and
B. As reported in our previous study [46], the pH profile of
the partially purified PEG phase free enzyme exhibits two
peaks of optimal pH at 8 and 5.8, suggesting that the inuli-
nase is present in two multiple forms. pH profile for the par-
tially purified immobilized inulinase on the -MWCNT pre-
pared in this study also showed two pH optimums at 3.6 and
10 with the corresponding activity of 3.48 and 4.14 U/mg,
respectively (Figure 5A). The immobilized enzyme exhib-
ited activity throughout the whole range of studied pH. How-
ever, there was a dramatic decline of its activity at pH below
3.6 and above 10. The reduction of activity at low pH is
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inactivation kinetics study of free and immobilized inulinase at 60 and 80°C, (D) Arrhenius plot to calculate k,. The effect of temperature on free and

immobilized inulinase activity and stability was investigated in the temperature range of 20 to 90°C. The profile of optimum temperature showed two
peaks at 60 and 80°C, compared to optimum temperature for free enzymes which was found to be at 30 and 70°C. The MWCNT/PPy/PEG-inulinase
at the optimum temperatures retained 99 and 83% of the initial enzymatic activity after 2 h of incubation. The #,,, of the immobilized inulinases at 60

and 80°C were 288.8 and 16.5 h, respectively, while deactivation of the unsupported protein under the same conditions was 1.9 and 1.3 h, respectively

caused by the H' ions affecting the conformation of inuli-
nase molecule and its net charge. Highly alkaline condi-
tions are known to cause the distortion of enzyme’s active
center brought about by electrostatic repulsion and stretch-
ing of the protein molecule [30]. In comparison to the free
form of inulinase, the pH of the optimal performance for
the immobilized enzyme is shifted towards more extreme pH
conditions (both alkaline and acidic). This is likely to be
due to the presence of polyvalent ions in the immobilization
matrix [62].

The free form of inulinase remained stable in the pH range
between 4.6 and 7.6 retaining ca. 96% of its initial activity
after 2 h of incubation (Figure 4B), whereas the immobi-
lized protein was particularly stable at pH 10 preserving up
to 99% of its initial activity. Under neutral and acidic condi-
tions, the relative activity of the immobilized inulinase was
found to be about 70%. It is proposed that the enhanced pH
stability of the immobilized form of enzyme is improved by
limiting undesired conformation changes in accordance with
the multi-point attachment mechanism [37]. A case in point
is the study by Gestrelius et al., 1973 [63] which examined
micro environmental pH effects and found out that pH opti-
mum for immobilized trypsin activity shifted 1.3 pH unit (to
pH 9.6) and the pH optimum for immobilized glucose oxi-

dase shifted 0.3 pH units to the alkaline side (to pH 6.9).
Xu et al., 2016 [64] also reported pH shift in the alkaline
range when lipase from Aspergillus niger was immobilized on
Si0O, nanoparticles.

3.5 | Effect of temperature on the immobilized
inulinase activity and stability

The effect of temperature on free and immobilized inuli-
nase activity and stability was investigated in the temper-
ature range of 20 to 90°C (Figure 6A and B). The pro-
file of optimum temperature showed, as expected, two peaks
at 60 and 80°C with the normalized activity of 4.25 and
6.69 U/mg, respectively, compared to optimum temperature
for free enzymes which was found to be at 30 and 70°C,
respectively. The shift towards higher temperatures observed
for the immobilized form of inulinase can be explained by the
requirement to achieve higher energy of activation, since the
conformational mobility of enzymes, bonded to support, is
generally reduced. In addition, the supported enzyme exhibits
increased stability and resistance towards thermally induced
denaturation [65].

In this work, stability of immobilized inulinase was dra-
matically increased in comparison to the free form of enzyme.
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TABLE 2 Kinetic parameters for thermal inactivation of free and
immobilized inulinases

kq D value ty, (h)
Immobilized enzyme at 60°C 0.00004 57 564.6 288.8
Immobilized enzyme at 80°C 0.0007 3289.4 16.5
Free enzyme at 60°C 0.006 383.7 1.9
Free enzyme at 80°C 0.0086 267.7 1.3

Immobilized enzyme retained above 90% of its initial activ-
ity from 20 to 70°C, after which the activity dropped to 75%
at 90°C during the period of 2 h of incubation. In contrast,
the free enzyme retained above 90% from its initial activity
from 20 to 50°C, which followed an activity drop to 20% at
60°C, and just 8% at 70°C during the same period of time of
incubation.

Furthermore, in Figure 6C the residual activity versus time
of the immobilized and free form of the enzyme at optimum
temperatures are presented, whereas the thermal stability was
evaluated in terms of the rate constant of deactivation (ky)
derived as slopes of the plots of log residual activity versus
time presented in Figure 6D. The results in Figure 6C showed
that the free enzyme lost 50% of the activity after 1 h at 80°C,
while the immobilized enzyme retained more than 90% at the
same temperature. At 60°C, the free enzyme lost again 50%
of its activity, but the immobilized enzyme retained almost
100% at the same conditions. Obtained results indicate that
the free form inulinases show higher deactivation constants at
60 and 80°C in contrast to the immobilized enzyme under the
same conditions. Thus, the 7/, of the immobilized inulinases
at 60 and 80°C were 288.8 and 16.5 h, respectively, while
deactivation of the unsupported protein under the same con-
ditions was 1.9 and 1.3 h, respectively. The decimal reduction
time was the highest for the immobilized enzyme at 60°C and
the lowest for the free enzyme at 80°C. Full data of kinetic
parameters for thermal inactivation of free and immobilized
inulinases is given in Table 2. We link the increased thermal
durability of the immobilized inulinase to a higher stability of
the enzyme’s structure immobilized on CNTs [60,66,67]. The
enzymes with increased stability are more suitable for indus-
trial applications [67].

This interpretation is supported by several published stud-
ies. Thus, Ghada et al., 2017 [67] reported that the half-lives
and D values of inulinase after covalent immobilization indi-
cated better thermal stability of the immobilized inulinase.
Karimi et al., 2014b [26] have shown that the immobilization
of endo-inulinase increases thermal optimum of the enzyme
allowing the reaction to be conducted at higher temperatures.
The high temperature regime of operation aids to prevent
microbial contamination and allows better solubility of inulin
as substrate. Zhu and Sun, 2012 [37] have reported the thermal
optimum shifted towards higher temperature when lipase was
immobilized on glutaraldehyde-activated nanofibrous mem-
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branes. Increased temperature optimum (70°C) for the pro-
tease immobilized on chitosan nanoparticles was reported by
Shojaei et al., 2017 [65]. Garlet et al., 2014 [24] have reported
50°C as an optimum temperature for the immobilized inuli-
nase on CNTs, with the enzyme retaining 93% of its initial
activity after 4 h of incubation. Yewale et al., 2013 [17] have
established 60°C as an optimum temperature for the immo-
bilized inulinase from A. niger NCIM 945 on chitosan and
reported impressive 100% retention of the initial activity after
2 h of incubation.

3.6 | Kinetics studies

Kinetic parameters, K, and V,,, of free and immobilized
enzyme were calculated from by Lineweaver—Burk plot. Var-
ious amounts from 0.5 to 3.0% of substrate (inulin) were
used to measure the initial rate of the reaction. Michaelis—
Menten kinetics was observed for both the enzymes. For
the free enzyme K, was determined as 26 yM and V,,, as
526 U/min, while for the immobilized enzyme K, was found
to be 5.71 uM and V,,,,, decreased to 2.99 U/min. Generally,
low values of K, signify high affinity between the enzyme
and the substrate. In this regard, the enzyme immobilized onto
F-MWCNTs has better affinity towards the substrate, likely
because of the high contact area of CNTs and an abundance
of the carboxyl functional groups available for binding. Fur-
thermore, the functionalization of CNTs with PPy and PEG
helps to maximize the total surface area by spacing out indi-
vidual components and makes the immobilized enzyme easily
accessible for the substrate attachment [44,68]. However, the
maximal rate was 175 fold decreased. This change may occur
due to the inactivation of the enzyme along with the bond-
ing or by secluding the active centers [69]. The combination
of a lower maximal rate and higher K, was observed in lipase
immobilized on amino-f-MWCNT by Verma et al., 2013 [69],
as well as in immobilized lipase on nanofibrous membranes
by Zhu & Sun, 2012 [37]. The latter found increase in their
K, value compared to the free enzyme.

4 | CONCLUDING REMARKS

In this research two multiple forms of inulinases, extracted in
PEG by ATPS method, were succesfully immobilized on f-
MWCNT with PPy via mixed attachment of the enzyme and
physical wraping of PEG around nanoparticles. The morphol-
ogy and chemical composition of pristine and immobilized
MWCNT has been proven using techniques such as SEM and
FTIR. The optimal enzyme load was found to be 344 pg which
gave immobilization yield of protein of 85% and retained 50%
of its initial activity up until the eighteenth cycle. The immo-
bilized preparation had two pH optima at 3.6 and 10.0 and
was stable at alkaline conditions retaining 99% of its initial
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activity after 2 h of incubation. The temperature optimum
was at 60 and 80°C and the t;, at these optima were 231
and 99 min, respectively, indicating that produced catalyst
had enhanced thermal stability. FMWCNT were found to be
an excellent support for the enzyme immobilization directly
from PEG material. The prepared catalyst can be reused sev-
eral times, reducing the demand for the enzyme and improving
the economy of the process by avoiding the ultrafiltration step
from PEG. For industrial application CNT are 3.2 times more
costly than chitosan beads, but they are preferred carriers for
their balancing key aspects that determine the efficiency of the
biocatalysts, such as large surface area, high mechanical prop-
erties and minimum diffusion limitation.
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