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CHAPTER 3

ADSORPTION MECHANISMS OF SELF-ORGANIZATION OF
INORGANIC CARRIER - PREPARATION OF HETEROSTRUCTURES
OF NATIVE ENZYMES
K.O. Kazdobin', K.D. Pershina?, M.O. Khodykina®, O.K. Trunova!

V.1. Vernadsky Institute of General and Inorganic Chemistry of the Ukrainian
National Academy of Sciences, Kyiv, Ukraine.

E-mail: kazdobin@ionc.kiev.ua
2Inter-Agensy Department of Electrochemical Energy Systems of the Ukrainian
National Academy of Sciences, Kyiv, Ukraine

Abstract: The influence of heterostructures (core-shell) formed by the native enzyme
preparation extracted from black radish and white cabbage, immobilized on inorganic
carriers with different surface nature on electrochemical properties of obtained
materials is shown. Depending on the nature of support the mechanism for the binding
of enzymes and their activity vary by the rate of activation. Based on the voltammetry
of immobilized enzyme drugs on inorganic supports, the possibility of using these
heterostructures as a basis for the devices for energy storage is shown.
Keywords: Native enzyme, immobilization, inorganic carrier, graphene, capacitor.

Introduction. Currently, the priority of electrochemical technology is the
generation of energy from biomass [1-4]. Most studies are devoted to the
creation of nanocomposite systems for the conversion of energy, components of
which are electrically conductive "hierarchical™ carbon materials, obtained by
pyrolysis of natural raw materials [3-5]. Thus, currents of the order of 1 A/cm?
of supercapacitor electrode based on products of white cabbage leaves pyrolysis
[4], electrodes for lithium batteries based on rice husks [5] were obtained. The
biofuel element [6], in which the cathode is zinc, and the anode is a laccase
enzyme based on mushroom mildew is developed.

Enzymes, mainly peroxidase, are widely used in the biosensorics [7]. To
enhance the biosensor signal, the adsorption of the enzyme to the quantum dot
of metals, graphene, carbon nanotubes is used. In the biosensorics, the
preparation of pure enzymes is needed. Inorganic materials, predominantly
silicates, are investigated as carriers in a much smaller volume. Native enzyme
preparations (extracts from plants) have not yet been investigated.

Experimental. We have studied a new class of materials — native enzyme drugs
(NEDs), adsorbed on inorganic carriers with various acid-basic characteristics of
the surface. As carriers, inorganic materials with a layered or gel structure were
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used, namely, aluminosilicates: bentonite and its acidic (phosphate) form,
kaolin, and pyrogenic silica aerosol 300. NEDs were adsorbed from root extract
of radish black and white cabbage leaves.

According to the basic idea of the work, adsorption and subsequent
crosslinking of the inorganic component with the enzyme drug creates
heterostructures capable of spatial distribution of charges, changes the
mechanism of chemical and electrochemical reactions, and opens new areas of
application of the obtained materials.

For the study of heterostructures in the system of inorganic carrier-NED the
following physico-chemical and electrochemical methods were used: atomic
absorption spectrophotometry (AAS), spectrophotometry, scanning electron
microscopy (SEM), cyclic voltammetry (CVA), electrochemical impedance
spectroscopy (EIS) [8-12].

On the basis of heterostructures such as inorganic carrier - NED - graphene,
electrodes are synthesized, their electrochemical properties and possible
applications are investigated.

Results and discussion. According to the data of atomic absorption analysis, in
native and immobilized enzyme drugs the metal ions of variable valence (Fe**,
Cu?*, Ni*, Mn?*, Zn?*) that are capable of redox transitions and the formation of
surface complexes with charge transfer on the surface of inorganic carriers has
been established (Table 3.1).

Obviously, the content of metal ions in the samples is significantly different.
This indicates the differences in the composition and structure of the catalytic
and adsorption centers of the protein molecule, which affects the
electrochemical properties of the heterostructures being formed.

Table 3.1. The content of metal ions in the native / immobilized on inorganic
carriers enzyme drug based on extract from radish black/white cabbage

System Metal ions content, %
Fe¥*x10° | Cu?x10* | Ni**x10®° | Zn**x10* | Mn?*x10*
NED 1.85/0.63 | 1.20/0.10 | 6.72/7.40 | 5.38/3.46 —/0.64
Bentonite + NED | 2.55/3.15 | 0.32/0.06 | 6.50/7.40 | 4.62/3.40 —/0.64
Mod. bent. + NED | 1.40/1.35 | 0.17/0.03 | 6.70/4.70 | 4.30/23.00 —/0.64
Aerosil 300+ NED | 0.30/1.74 0.012/ 2.40/1.20 | 1.50/0.99 —/0.06
0.016
Kaolin + NED 0.77/1.25 | 0.12/0.06 | 5.01/7.40 | 2.90/3.47 —-/0.48

The analysis of irreversible binding of metal ions has established that natural
bentonite selectively binds Cu?* /Cu?*, Ni**, Mn?*, Zn?* ions, modified with
phosphate-ions bentonite — Fe3*, Cu?*, Zn?*/ Cu?*, Ni?* ions, kaolin — ions Fe®*,
Cu?*, Ni?*, Zn?*/ Fe*", Cu?*, Ni?*, Zn?*, and aerosol 300 — all metal ions (Fe*",
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Cu?*, Ni?*, Zn?*/ Fe®*, Cu?*, Ni%*, Mn?*, Zn?*). This dependence (Table 3.2) is in
accordance with the structure of the carrier and the structure formed by the ion
in the original enzyme. The presence of all metal ions indicates the presence of
three classes of enzymes: peroxidase, superoxide dismutase, and catalase.

Table 3.2. Equivalent ratios of immobilized metal ions on the surface of inorganic

supports
Support Equivalent ratios
Black radish extract White cabbage extract
Bentonite + NED Cup Cui: Ni1s: Znes: Mnig
Mod.bent. + NED Fei17: Cuss: Zng Cui: Niger
Kaolin + NED Fegg.s : CUgsg : Ni1: Znig Cug2: Niig: Zn7: Mny
Aerosil 300+ NED Fesqo01 :Cusi: Nii:Znos | Fesss: Cuzs: Niz2: Znis: Mng

Scanning electron microscopy of the obtained materials [11] showed that the
adsorption of the native enzyme preparation on the surface of the carriers is
accompanied by denaturation of the polysaccharide portion of the enzymes and
the formation of a surface heterostructure.
Namely in this heterostructure the spatial
divide of charges of metal-containing
fragments of enzymes occurs. This
phenomenon is determined by the acidic -

Fig. 3.1. Scheme of charge ~ Dasic properties of the support surface.

exchange in the particles of The  impedance  measurements  of

heterostructures. suspensions established proton conductivity,

as well as the divide into two groups [10]. In

one group, the charge transfer was similar to that of imperfect electrolytes [13].

It includes all the systems of inorganic carrier — NED of white cabbage and

NED of black radish adsorbed on bentonite and its acidic form. The second

group (the systems of carrier and NED of black radish adsorbed on kaolin and

aerosol) included systems with charge transfer according to two mechanisms:
along a matrix and a shell (Figures 3.1, 3.2).
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Fig. 3.2. Equivalent schemes of suspensions based on aerosol 300-NED of black
radish (a) and white cabbage (b).

To find out the nature of the results obtained, the electronic spectra of 20%
NED solutions obtained from different extracts were studied. They confirmed
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the formation of structures with charge transfer on the carrier surface. This
indicates the mechanism of "crosslinking" the enzyme with the carrier.

Two peaks are revealed on the electronic spectra obtained from the NED of
black radish (Figure 3.3a). The peak of 29920 cm™ corresponds to Fe®* ions with
the d° configuration and the coordination number of 6 (octahedral symmetry
group). This corresponds to a low spin octahedron with a of Tog —2 Ay, %Tig.
The triplet in the region of 30960 cm™ confirms this assumption. A Gauss
spectral deconvolution revealed a Cu?* band with a maximum of 13459 cm?,
which corresponds to a distorted hexagonal bipyramid with a coordination
number of 5 (Aig —T1g transfer).
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Fig. 3.3. Electron absorption spectra of the NED (Cep. = 20%, A = 5000 - 11000 cm-%,
I=1 cm): extracted from radish black (a), white cabbage (b).

In electron spectra obtained from NED of white cabbage (Figure 3.3b), the
peaks correspond to Cu?* ion (distorted octahedron) with transfers of 2Eq — 2T
(13202 and 13473 cm?) and By —2Eq (14707 and 14891 cm™). No other
interactions were detected.
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An enzyme drug, which was prepared from radish black, contains two
interacting enzymes: peroxidase and superoxide dismutase in approximately
equal ratios [14]. The spectrum of NED of white cabbage extract indicates only
the presence of Cu?* ion.

It has been established by CVA [12] that the heterostructures based on
aerosol 300-NED of the radish black root behave as a supercapacitor (Figure
3.4a) [1]. Somewhat lower values of the current and voltage data have been
obtained for the white cabbage extract (Figure 3.4b).

At different rates of potential sweep (t2 — 11), the values of the AE difference
of the initial and final sweep potentials E; to E,, the mass of the sample (m), the
module of the specific current (I) and the data of impedance spectroscopy on the
initial capacitance.

Table 3.3. Characteristics of charge capacities of heterostructures

Cin-103, Flg Black radish White cabbage
System Cer, F/g Cer- 1073, Flg
Bentonite + NED 0.62 1.6 26.3
Mod.bent. + NED 1.14 0.068 1.53
Kaolin + NED 1.74 51.3 0.39
Aerosil-300+ NED 0.38 95.7 3.56
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Fig. 3.4. CVA for heterostructures aerosil 300 - NED from radish black (a),
white cabbage (b) on the potential sweep rate (mV/s): 1- 5, 2-50, 3- 100. Electrolyte
is a saturated solution of KCI, Set = 1.5 cm?, sample of heterostructure - 3 mg/cm?.

The capacitance of the studied materials (Table 3.3) are calculated according
to the known ratio:

_ (1)

- (El_Ez)'m (31)
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It has been established that the systems based on the carrier - NED (white
cabbage) are characterized by low current values relative to materials based on
radish black. This means the inexpediency of the use of these materials in
electrochemical devices.

Different behavior can be seen in equivalent schemes obtained by impedance
spectroscopy (see Figure 2). Regarding radish extract, an equivalent circuit
shows the possibility of transfer of charge through two mechanisms, and hence
the possibility of energy conservation. For cabbage, the scheme is an electrolyte.

Conclusions. The comparative analysis of the physicochemical properties of
synthesized heterostructures, which contain an enzyme drug of black radish and
white cabbage, shows different behavior of heterostructures depending on
support. This is caused by different mechanisms of binding of an enzyme drug
with an inorganic carrier and the possible formation of core-shell structures.

The formation of heterostructures, which are able to accumulate charge in
inorganic systems of aerosol 300-enzyme-graphene, makes it possible to apply
them to redox transformations. Such heterostructures can be promising materials
in energy conversion devices (supercapacitors) up to 95 F/g, having commercial
values. They can be also used for cheap and biocompatible current sources.
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AI[COPBHIfIHI MEXAHI3MHU CAMOOPT AHI3AIIIT
TETEPOCTPYKTYP HEOPTAHIYHUI HOCIH - HATUBHUH

®EPMEHTHHUM NPEMIAPAT

K.O. Ka3no6in’, K./I. Nepmuna®, M.O. Xoaukina®, O.K. Tpynosa®

L Inemumym 3azanvnoi ma neopzaniunoi ximii im. B.1. Bepnaocvkozo HAH Ykpainu,
np. Hannaoina, 32/34, Kuis, 03142, Yxpaina
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2Mioiceioomue 6i00inenns enexkmpoximiunoi enepeemuxu HAH Ykpainu,

np. akao. Beprnaocvroco, 38a, m Kuis, 03142, Ykpaina

Bemanosneno ennus cknady komnosuyitinoco mamepiany (core-shell cmpyxmypu),
VMBOPEH020 HAMUBHUM (DePMEHMHUM NPenapamom — SUMANCKOI0 3 peObKU YOPHOL
abo kanycmu, iMMOOINI308AHUM HA HEOP2SAHIYHUX HOCIAX 3 PI3HOK NPUPOOOIO NOBEPXHI
Ha IX akmugHicmb I e1eKmpoxXiMiuni xapaxmepucmuku. Ilokazano, wo 6 3anesxcrocmi
8I0 NPUPOOU HOCI MeXAHIZM IMMODINI3ayii hepmenmis, ix akmusHicms i WBUOKICIb
inakmueayii 3minioromsca. Ha ocnosi ananizy eonomamnepomempii
IMMOOIIU308AHO20 (hepMEeHMHO20 Npenapamy Ha HeOP2aHiYHUX HOCIAX NOKA3aHO
MOIACTUBICMb BUKOPUCTNAHHS MAKUX KOMIOZUMHUX Mamepianie 0Jisi CMEOpeHHs
NPUCMPOIB 0151 HAKONUYEHHSL eHepeaii.

Knwouoei cnosa: namusnutl hepmenm, immooinizayis, Heopeaniunuil HOCIll, epagher,
EMHICMb.
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