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Abstract

Development of artificial enzymes, including nano®g as an alternative for non-stable
and expensive natural enzymes, is a booming fi¢ldnodern Biosensorics and Biofuel
Technology.

In this study, we describe fabrication and charadgon of sensitive biosensors for the
detection of ethanol and glucose based on new mmnocomposite electrodes with peroxidase-
like activity (nanozyme) coupled with microbial dasses: alcohol oxidase (AOX) and glucose
oxidase (GOX). The nanozyme was synthesized by fraation of carbon microfibers (CF) by
hemin (H) and gold (Au) nanoparticles. The formataf gold nanoparticles on the surface of
hemin-modified carbon microfibers has been confdrbg the UV-Vis and X-ray spectroscopy
as well by the SEM analysis. Compared to hemin-anlydified electrodes, the resulting
micro/nanocomposite CF-H-Au electrodes exhibitghbr specific catalytic activity and a better
affinity for H,O, in solution. The HO,-sensitive CF-H-Au-modified electrodes showed anérg

sensitivity (1.3 — 2.6-fold) compared with the resdrcarbon-derived analogs and were used for
1



the construction of highly sensitive ethanol andcgke biosensors. To eliminate diffusion
limitation for substrates, AOX or GOX were fixed tre CF-H-Au-modified electrodes using a
highly porous Nafion membrane. The main biosensdraracteristics have been investigated.
The developed biosensors were tested for ethambycose analysis in the real samples
of both grape must and wine. The results are irdgogreement with the results obtained using

enzymatic kits as reference approaches.

Keywords. Micro/nanocomposite; Peroxidase-like nanozyme; Aropetric biosensor; Ethanol;

Glucose; Analysis.
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1. Introduction

Enzymes are biological catalysts that play a kdg m all biological processes. They
exhibit both high catalytic activity and selectwigainst substrates. However, natural enzymes
tend to have limited chemical and biological st&épilind often render high cost, due to
sophisticated procedures needed for their isolaparification, and stabilization from biological
sources. This is why the investigation of artifi@azymes, mostly in the form of nanoparticles,
“nanozymesis a new trend of nanobiotechnology.

Artificial enzymes were invented on the landmarkha last century [1,2]. They are highly
stable and inexpensive alternative catalysts fonymaactions [3-5]. Novel artificial enzymes
include various natural and synthetic materialclagextrins, metal complexes, porphyrins,
polymers, dendrimers, which mimic the structure dadction of natural enzymes. More
recently, it has been discovered that some nanoialatalso exhibit the catalytic properties
valuable for their practical use in biosensing [&inong the described nanoscale materials are

catalysts with different reaction specificity; firef all, these are oxidoreductases: peroxidases



[6], catalase, glucose oxidase, sulfite oxidasgemikide dismutase, as well as proteases,
endonucleases, NO-synthases, and others [4,7]ndhematerials with peroxidase-like activity
have significant potential for a wide variety ofpéipations, especially in biosensing and fuel
cells technology.

Among the nanomaterials with peroxidase-like attjvthe ferromagnetic nanoparticles
were described [8]. The number of such materialsoisstantly growing. It includes Nafion-
cytochromec [9], Co;04/CeG, nanosheets [10], Au/Ag nanowires coupled with mamelamine
[11], Au nanoparticles [12], Fe/Au nanoparticlé8]| Au/Pt nanoparticles [14], Pt nanoparticles
[15], Ru and Pt/Ru nanopatrticles [16,17], and Pd BtPd nanoparticles [18,19]. In the last
decade, a special interest in bionanotechnolodggassed on the usage of nanozymes based on
carbon materials such as carbon nanotubes modfiedrussian blue [20], T¥Omulti-walled
carbon nanotubes [21], hemin-graphene hybrid naeis22], hemin-graphene-Au hybrid [23],
Fe,0O; graphene oxide [24], Cu-Ag reduced graphene oxatesheets [25], carbon nanofibers
[26], and MoQ nanorods supported on gree-synthesized carbon #¥}he other hand, direct
enzyme immobilization on the surface of grapheneconplicated due to its strong
hydrophobicity [28]. Recently, we described the rigdtion of a sensitive amperometric
biosensor for wastewater phenols analysis basediomporous carbon fibers [29]. In contrast
to graphene, carbon microfibers are more simpla@paration and functionalization. Moreover,
they exhibit lower hydrophobicity and higher elecwnductivity. All these properties of carbon
microfibers make them a very promising platform #mmobilization of enzymes, as well as a
suitable matrix for the construction of peroxidéig&e-nanozyme.

This study is focused on the synthesis, charaeti#éoiz, and analytical application of a new
micro/nanocomposite with peroxidase-like activityhich is based on carbon microfibers
modified by hemin and gold nanoparticles. The ajapion is reported of the composite as an
artificial peroxidase in construction of ethanoldagiucose-sensitive amperometric biosensors

including their evaluation in the analysis of tlegresponding analytes in beverages.



2. Experimental
2.1. Materials

Delignified cellulose Greencel purchased from BukdZencovce, Slovakia was employed
without additional treatment. Alcohol oxidase (EL3.13, AOX) was purified from the mutant
strain Ogataea polymorph&-105 @crl cat®y [30] according to Smutokt al. [31]. Glucose
oxidase (EC1.1.3.4, GOX) was purified fréenicillium vitaleaccording to Nikolskat al.[32].
Nafion®, hemin, guaiacol, hydrazine sulfate, andud4 were obtained from Sigma-Aldrich
(Buchs, Switzerland)D(+)-glucose monohydrate was purchased from J.TeB@dkeventer, The
Netherlands). NadPO,, KH,PO4, CaCh, 28% ammonia solution, sodium citrate, and nica
were obtained from Merck (Darmstadt, Germany). 38%, was purchased from Thermo

Fisher Scientific (Fair Lawn, NJ, USA). The triplestilled water was applied in all procedures.

2.2. Synthesis and functionalization of CF
2.2.1. Synthesis of CF

CF were prepared from delignified cellulose by caibation without air contact at 700 °C
using the oven Elektro (Bad Frankenhausen, Germang)boiled for 1 hour in concentrated

(65%) nitric acid, washed out from acid and dried.

2.2.2. Raman spectroscopy

Raman spectroscopy of CF sample was performed usiig Micro Raman spectrometer
(Renishaw, Wotton-under-Edge, UK) using 633 nmedxrcitation. The laser power was set as
1.5 mW, exposure time as 10 s and 10 scans acctiomslaThe data were collected in the
spectral range of 800—2000 ¢nwith 2 cm' of spectral resolution. The spectrum was processed

in the form of smoothing, baseline correction andmalization.



2.2.3. Functionalization of CF by hemin

Functionalization of CF by hemin was performed adcw to [22]. 5.0 mL CF suspension
(0.5 mg-mLY) was ultrasonicated for 3 min to obtaining a hosramis suspension. Then, the CF
suspension was mixed with 5.0 mL aqueous solutibmemin (0.5 mg-mt) and 50puL
ammonia solution (14.76 M), followed by the additiof 10 uL hydrazine solution (15.6 M).
After vigorous shaking for a few minutes, the saamphs put in a water bath (60 °C) for 4 h.
The obtained stable black dispersion (CF-H) washedgwice with water and centrifugated for

15 min at 9700 g; Hettich Micro-22R centrifuge.

2.2.4. Maodification of CF-H by gold nanoparticles

Modification of CF-H by gold (Af) nanoparticles was performed by reduction of Au(ll
from HAuUCI, using the wet-chemical method according to [33mIL CF-H resuspended in
water (0.5 mg-mt) was premixed with 1 mL solution of HAWC{0.3 mM), followed by the
addition of 1 mL sodium citrate (1.5 mM) at roonmigerature. To remove the excess of the
reagents, the CF-H-Au preparation was washed twitte water followed by centrifugation for

30 min at 9700 g.

2.2.5. Analysis of peroxidase activity of the sgatbed micro/nanocomposite in solution
Peroxidase activity of unmodified CF and synthegin@cro/nanocomposites (CF-H and

CF-H-Au), as well as pure hemin in concentration i§ mL* were investigated by the

spectrophotometric method (Shimadzu UV-1650 PQ)gu8b mM guaiacol as a chromogen and

8.8 mM HO, in pH 5.5 at 50 °C [34].

2.3. Scanning Electron Microscopy and X-ray Micrabysis
A Scanning Electron Microscope (SEM-microanalys&MRMA-102-02, Sumy, Ukraine)

was used for morphological analysis of the CF afdHZAu. The special cover film on the



samples with a Butvar solution B-98 (Sigma, St. ieptMO, USA) in 1.5% chloroform was
formed using an ultrasound method. The distancen fiive last lens of the microscope to the
sample (WD) ranged from 24.7 to 24.8 mm. The acatde voltage was 20 kV with

magnification ranges from 80x to 4,000x.

2.4. Evaluation and characterization of amperontelriosensors
2.4.1. Apparatus and techniques for biosensor coasbn

The amperometric biosensors were constructed inree+electrode configuration using
constant-potential amperometry. The biosensor gardtion included a Pt counter electrode,
Ag/AgCI/KCI reference electrode, and a graphite-naatking electrode. The graphite rods (type
RWO001, 3.05 mm) from Ringsdorff Werke (Bonn, Geryjawere used as working electrodes.
Before usage, the electrodes were polished witltO@Zbnery paper Smirdex® (Zaporizhzhia,
Ukraine). The amperometric analysis was carried waihg a potentiostat CHI 1200A (1J
Cambria Scientific, Burry Port, UK) in an electrechical cell at 25 °C under continuous

stirring.

2.4.2. Modification of the working electrode by nayme layer
3 pL CF, CF-H, or CF-H-Au aqueous suspension (GQg5mi) was dropped on a surface

of 3.05 mm graphite-rod electrodes, followed byinigyfor 15 min at room temperature.

2.4.3. Formation of biorecognition layer on the withe nanozyme layer

On the top of the working electrode modified by omyme layer, 5 uL enzyme solution
(alcohol oxidase fornDgataea polymorphadOX or glucose oxidase frorRenicillium vitale
GOX with the activity of 200 U-mit) was dropped and the formed enzyme-nanozyme egsr

covered with 5 pL 1 % neutralized aqueous soluabmNafion and dried for 15 min at room



temperature. The built-up bio-functionalized eledes were rinsed with 50 mM phosphate

buffer (PB),pH 6.8 and kept at 4 °C till usage.

2.5. Real sample analysis

For evaluation of the constructed bioelectrodegape must and winlsabellawere used.
Any additional sample treatment except dilution wastted. The samples were kept at -20 °C
till analysis.

Analysis of the beverage samples by the developeeldetrodes was performed using

“standard addition modea proven measurement method for a complex samptex [35].

3. Resultsand discussion
3.1. Preparation, functionalization and charactetibn of peroxidase-like nanozyme bound with
carbon fibers

Carbon microfibers (CF) were prepared accordinguioprevious publications [29,36,37].
The resulting material exhibits a soft and wookeli structure of dark black color.
Microscopically the CF exhibit a twisted structuvgh the width about 10-15 um and the length
from several dozen to about 200 um. The Raman rggecpy analysis of the CF showed two
intensive peaks, characteristic for carbon strestuéee supplementary material Fig.)SD-
band at 1339 cm corresponds to the defect-induced mode and G-l@nti595 crit is
associated with the vibration sff-bonded carbon atoms in a 2D hexagonal lattice.pFasence
of these bands reveals the occurrencepd® atoms in benzene or condensed benzene rings of
amorphous (partially hydrogenated) carbon [38]. T crystalline structure provides an
orderly charge transfer path, resulting in a gotetteoconductivity [39]. The surface area of
CF as determined by the BET method was 45@jmand their effective pore size was only 0.5-
0.6 nm [37]. The pores are too small for the intvasof hemin or gold nanoparticles, this

means that there are situated exclusively on theraurface of CF.



To study the feasibility of using the CF as a mxapfiatform for binding nanocomposite
with peroxidase-like activity, the fibers were mioelil by hemin (component with a low inherent

peroxidase activity) in combination with gold naadycles (Au) (Fig. 1).

Ammonia N
+ Hydrazine, 60 °C

CF

CFHH

CHH-Au

Fig. 1. The principal scheme of synthesis of micro/nangoasites with peroxidase-like activity

based on CF modified by hemin (H) in combinatiothvgold nanoparticles (Au).

In the proposed scheme, the hemin is bound witiCthéhrough chemical binding (Fig. 2,
Fig. S3, B), while the gold nanoparticles — due pioysical adsorption. The additional
modification of the hemin-functionalized surface bgnostructured gold particles should,
hypothetically, facilitate the electron transfeorfr hydrogen peroxide to hemin moiety. The
electroactive CF plays a dual role: as a matrienaically binding hemin as a key catalytic unit,
and as a transducer, providing the effective adactransfer from an electrode surface tH
through hemin and Au.

Prior to the modification, CF was partially disigtated using an ultrasonic bath. As a

result of CF modification by hemin, in combinatiatith Au, two different composite materials
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were obtained: CF-H — a sample of CF modified bgnineand CF-H-Au — CF modified by
hemin and gold nanoparticles. The obtained micralnamposite samples, unmodified CF and
hemin were characterized by UV-visible spectrosc(80-700 nm) using Shimadzu UV-1650

PC spectrophotometer (Fig. 2).

—CF

= = Hemin (H)
-CF-H

——CF-H-Au

1.0+
0.8
0.6 4

0.4

Absorbance

0.2+

0.0

200 2%0 3(30 35;0 4CIJO 450 560 5%)0 6€‘JO 65|D 7EIJD

A, NM
Fig. 2. UV-Vis spectra of the micro/nanocomposite matsriaCF — unmodified carbon
microfibers (black);H — hemin aqueous solution (red dash); IEF CF modified by hemin

(green); CHH-Au — CF modified by hemin and gold nanoparticlesi€).

The modification of the samples was proved by tepectral characteristics (Fig. 2). For
non-modified CF, no absorption peaks in the visipgectrum were observed. The aqueous
solution of hemin showed an absorption peak typioalheme (Sore peak) at 390 nm and a
smaller one at 265 nm. After the modification of 6% hemin (CF-H), the spectrum of the
sample exhibits typical features for hemin absorppeaks: a little shifted heme-specific peak at
400 nm and a peak at 265 nm. For the CF-H-Au sampteabsorption maxima were detected in
the visible region — at 530 nm (corresponding ® shrface plasmon resonance of Au) and 412
nm (heme peak). Moreover, the UV peak at 265 nnic&ydor the nanostructures is clearly

distinguished (Fig. 2).



The detailed structural characterization of therofitanocomposites was performed using

SEM analysis (Fig. 3).

20.00kV  x1.50 20.00kV  x1.50k

(B 1) 20.00kV  x4.00k
Fig. 3. SEM pictures of unmodified CF fragmentd)(and CF-H-Au B-Bl) at different
resolutions Note: WD — the distance from the last lens of the micopscto the samples (mm);

kV — accelerating voltage; — fold magnificationum — scale unit.

The SEM analysis confirmed the successful modificabf the CF surface by Au (Fig. 3,
B-B1). Moreover, it is shown that the efficiency 6F modifications by gold nanoparticles
highly depends on the size of the initial fragmeoftthe CF fibers. The formation of Au on the
surface of CF fragments with a size up to 2@®(obtained by pre-ultrasonic treatment) is much
more efficient (light areas) compared to larger iGigments (dark areas¥ge supplementary

material Fig. S2.
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To confirm the formation of gold nanoparticles tve surface of hemin-modified CF, their
X-ray spectral analysis was performegd supplementary material Fig.)SBhe X-ray spectral
analysis confirmed the formation of Au of differestructural types with typical peaksokat
2.15; 9.75 and 11.5 keV for hemin-modified CF. Muorer, the Fe peak at 6.4 keV also proves

the presence of hemin (Fig. S3).

3.2. Investigation of catalytic and electrochemipabperties of the synthesized carbon-based
micro/nanocomposites

For a detailed study of the catalytic charactersstf micro/nanocomposites based on CF,
hemin, and Au (CF-H-Au}he determination of the specific peroxidase aitiWmax(specitic) and
the apparent Michaelis-Menten constat ) to H,O, was performed. The specific peroxidase
activity of the micro/nanocomposite CF-H-Au is Xd@d higher than the specific peroxidase
activity compared with the hemin in solution as @ntcol (2.07 pmol-mg min* vs 1.32
umol-mg'mint). For the CF-H sample, specific peroxidase agtiuicreased 1.3 fold (1.66
pmol- mg™ min* vs 1.32 pmol-mg- min') (see supplementary material Fig.)S#he calculated
values ofKy®® constant toward $D, for micro/nanocomposites based on CF, hemin, and A
indicate their better affinity for $0, compared to hemin in solution. Thus, #g®"" value for
the CF-H-Au decreased 1.86 fold (2.87 m#15.34 mM) and for CF-H sampiel.14 fold (4.7
mM vs 5.34 mM) 6ee supplementary material Fig.)SZhe comparison of the main catalytic
characteristics of the micro/nanocomposites withrtbarest analogs toward®4 is represented
in Table S1 ¢ee supplementary material Table).SThe specific peroxidase activity of CF-H-
Au, as well as the affinity toward hydrogen per@xids higher compared with the most
described analogd éble S1 That opens the possibility of using the composis a nanozyme
for the construction of amperometric chemosendorsH,0,) and biosensors based on oxidases,

where the HO; is one of the products of the enzymatic reaction.
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To study the electrochemical characteristics ofsyr@hesized nanozymes, a voltammetric
analysis of the rod graphite electrodes modifiethweCF, CF-H, and CF-H-Au additionally

covered by 1% Nafion was performed (Fig. 4).

Current, pA
N
o
|

60 . ---- bare carbon electrode
—— CF-mod. electrode
" CF-H-mod. electrode
-150 4 —— CF-H-Au-mod. electrode

AN

-200

-0.4 -Or.3 -OI,2 -OI.1 010 0:1 OTZ Of3 0.|4 0.|5 0!6 O!7 O.‘B

Potential, V
Fig. 4. Cyclic voltamperogramm of bare (dash line) andr@ddified (red line), CF-H-modified
(green line), CF-H-Au-modified (blue line) 3.05 noarbon rod electrode at addition of 5 mM

H,0,. Conditions: scan rate 50 mV*ss Ag/AgCl in 50 mM PB, pH 6.8.

The results of voltamperometric analysis show thatlification of rod graphite electrodes
by CF, CF-H, and CF-H-Au, covered by 1% Nafionn#igantly improves their electrochemical
activity toward HO,. This is evidenced by a significant increase mheight of the redox peaks
of the electrodes modified by the nanozymes uperatidition of 5 mM KO, when compared
with unmodified carbon rod electrode (Fig. 4). Aduhally, the results of the voltamperometric
analysis indicate that the effective electrocheitit®,reduction occurs at a potential of -0.1 V
vs Ag/AgCl, which was selected as a working poterftalperforming the chronoamperometric
studies of the nanozyme-modified electrodes (Fig. 4

Chronoamperometric analysis of unmodified and ngmazmodified 3.05 mm carbon rod
electrodes upon the addition of increasing conegintis of HO, showed that all types of

micro/nanocomposites are characterized by perogidesvity (Fig. 5).
12



bare carboen electrode

2mM Ha0g m bare carb. el. (B=3.0)
-2204 ——CFmod. el 1 e CF mod. el. (B=14.0)
2004 CF-H mod. el. ' A CF-H mod. el. (B=16.5)
1.5 mM
1804 CF-H-Au mod. el. ’ 2104 v CF-H-Au mod. el. (B=31.8)
g 1607 i -180 1
i D < 150 a
< 120 < °
t 100 < -1204 -
g T =
O -804 2 90
=
60+ 3 0]
-404
204 ! -30
04— 04
0 100 200 300 400 500 600 700 800 01 2 3 4 5 6 7 8 9 10
Time, s H,0,, mM

Fig. 5. Typical chronoamperometric response’ currents)(beid calibration curves (right) upon
subsequent additions of,&, for non-modified (black points), CF-modified (redints), CF-H-
modified (green points), and CF-H-Au-modified (bliiee) 3.05 mm carbon rod electrode.
Abbreviation:B — graph slope. Conditions: working potential —100 vs Ag/AgCl in 50 mM

PB, pH 6.8 at room temperature and continuousrsgirr

The sensitivity of the constructed chemoelectradds,0, was calculated from the slope
of the calibration curves (coefficieBtin Fig. 5), considering the working area of thectlade
used (7.3 mr). The sensitivity of CF-modified electrodes for®4 is increased 4.7-fold
compared with the control unmodified (bare) elemtr¢1918 A-M-m? vs 411 A-M*-m?); for
CF-H-modified electrodes — for 5.5 fold (2260 A*Nti?); for CF-H-Au-modified — about 10.6
fold (4356 A-M*-m?) (Fig. 5). Consequently, the chemoelectrodes base€F-H-Au were
chosen as the most promising nanozyme for the stage of biosensor construction. Moreover,
the CF-H-Au-modified electrodes are characterizgd dignificantly improved sensitivity
compared with the latest reported analogs basedamwzymes and carbon electrodes. The
sensitivity of the CF-H-Au-modified electrode towd,0,is 2.6-fold higher compared to gold
nanobipyramids supported by multi-walled carbon atabes (AUNBP/MWCNTSs) modified
carbon electrodes (4356 AMm? vs 1706 A-M-m?) [40]; 1.3-fold compared with

ferumoxytol, Pt and reduced graphene oxide (FerfRBOmodified carbon electrode (4356

13



A-M™*-m?vs 3400 A-Mm?) [41]; 1.6-fold vs Fe;04/3D graphene-supported quantum dots

(Fes04/3D GNCs) modified carbon electrode (4356 AtMi?vs2742 A-M-m?) [42].

3.3. Characterization of the ethanol and glucodecere bioelectrodes based on the
peroxidase-like nanozyme

The ethanol and glucose-sensitive bioelectrodeg wenstructed as described in section
2.4.3 of the Experimental part. The results of theonoamperometric biosensor analysis for

both substrates are represented in Figure 6.

8 I Y )
7 . 1 T
| 54 ]
6 [ 1
| |
% ! <Y
E 4 " £ -3 ?
g AOX-CF-H-Au ]
g 3 ! Imax = 8.16 + 0.16 LA 5 2 i
5| ¥ KyPP = 0.14 £ 0.01 mM Ethanol Q ! GOX-CF-H-Au
il Imax= 12.6 £ 1.5 uA
1{ m " Ky?PP = 1.47 + 0.28 mM Glucose
0 -. 04 =
00 02 04 06 08 10 12 00 02 04 06 08 10 12 14
Ethanol, mM Glucose, mM

Fig. 6. Calibration curves upon subsequent additions afrethfor AOX-CF-H-Au bioelectrode

(left) and glucose for GOX-CF-H-Au bioelectrodey).

Fig. 6 shows the typical calibration curves foragtbl and glucose derived from the
corresponding chronoamperogramms of the construtiedlectrodes. As seen from the
calibration curve, the ethanol-selective (AOX-CFA} bioelectrode response (maximal current
at substrate saturatidi,,y) IS estimated to be 8.16 + 0.16 pyA, and the appakichaelis-
Menten constantk®) to ethanol is 0.14 + 0.01 mM (Fig 6, left). Thgy value for glucose-
sensitive (GOX-CF-H-Au) bioelectrodes is 12.6 + 1A and the value dfy*"is estimated as
1.47 + 0.28 mM glucose (Fig 6, right). The limitaétection (LOD) to ethanol for AOX-CF-H-

Au is calculated as 0.005 mM, linear frames — @B mM, and sensitivity — 4089.0 A”Mmi
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2. The GOX-CF-H-Au is characterized by LOD to glue@bout 0.05 mM, the linearity of 0.1-
0.9 mM, and sensitivity — 909.5 A-Wn?,

The main operational characteristics of the AOX{&HAuU and GOX-CF-H-Au-based
bioelectrodes were compared with the nearest nearedbgues see supplementary material
Table S2 It should be noted that both of them are greatlypassed of the analogues with
sensitivity, which is higher from 2-3 fold [51-58p to one-order [17, 45-50] value. Moreover,
an additional weak point of the most of the reged#scribed electrochemical sensors based on
H.O,-sensitive nanozymes/electrocatalysts combined &@X or AOX is usage of rather high
or low working potentials, resulting decreasingtéir selectivity due to non-specific auto-
oxidation or auto-reduction of electroactive compas! of the real sample3gble S2 For the
developed CF-H-Au-based biosensor applied potertplals -0.1 Vvs Ag/AgCl reference
electrode that eliminates possible nonspecific ichima the sensor' output at the real samples'
analysis that makes it more accurate.

The constructed ethanol and glucose-sensitive dotreldes were tested for analysis of the
corresponding analytes using the grape must anc Vsabella as the real samples. The
biosensor analysis was performed usiatafidard addition modgsee supplementary material
Fig. S5 and the obtained results were compared with t®satquired with help of

spectrophotometric enzymatic kits “Alcotest” [43ld&‘Diagluc” [44] (Table 1).

Table 1. Comparison of the results of ethanol and glucassyais in the samples of the grape

must and winelsabella by the bioelectrodes and by enzymatic kits “Alstite[43] and

“Diagluc” [44].
Methods
Analyte Sample : —
Constructed biosensors Enzymatic kits
Ethanol, Must 0.13+0.05 (6.0 -1} 0.14 +0.04 (6.4 -1
mM (g- LY Wine 2280.0 £ 35 (104.9) 2250.0 £ 12 (103.5)
Glucose, Must 467.5+12 (84.1) 482 + 25 (86.8)

15



mM (g-LY)  Wine 99.8 +5.3 (18.0) 91.9+2.2 (16.5)

The biosensor analysis demonstrated the followasglts for ethanol content in the tested
samples: 0.13 + 0.05 mM for grape must and 228® B/ for wine, as well enzymatic kit
“Alcotest” showed 0.14 + 0.04 mM for grape must &850 £ 12 mM for wine, respectively
(Table 1). The correlation between the resultfith methods is very goodge supplementary
material Fig. S§. Moreover, the biosensor glucose analysis ofstimae samples shown 467.5 +
12 mM for grape must and 99.8 £ 5.3 mM for winet tisaalso well correlated (R = 0.999) with
results obtained using the enzymatic kit as theresice approach — 482 + 25 mM for must and
91.9 £ 2.2 mM for wine. This demonstrates the h@gituracy of biosensor analysis of real
beverage samples by the developed biosensors. nitbea concluded that the developed
biosensors may also be well applicable in food etigies, in medicine, as well as in other

areas, where a precision analysis of ethanol antbge is important.

4. Conclusions

The sensitive biosensors for the detection of ethand glucose using alcohol oxidase
(AOX) or glucose oxidase (GOX) immobilized on thécro/nanocomposite with peroxidase-
like activity (hanozyme) have been developed. Tapozyme was synthesized on the base of
carbon microfibers modified by hemin and gold naartiples (CF-H-Au). The formation of gold
nanoparticles on the surface of hemin-modified @arbnicrofibers was confirmed by the UV-
Vis and X-ray spectroscopy, as well as with the SEhhalysis. The resulting
micro/nanocomposite exhibits 2.0 fold higher specgtferoxidase activity and 2.6 fold better
affinity for H,O, compared to hemin in solution, as a control. Tleeteochemical property of
the nanozyme was also significantly improved coragato the controls. For example, the
sensitivity of CF-H-Au-modified electrodes for,®; is increased 10.6 fold compared with the

control unmodified (bare) carbon electrode (4358MAm? vs 411 A-M'm?). The HO,-
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sensitive CF-H-Au-modified chemoelectrodes weraludse the construction of sensitive ethanol
and glucose biosensors. To eliminate diffusion titnon for substrates, AOX or GOX were
immobilized on the nanozyme layer using a highlyops Nafion membrane. The apparent
Michaelis-Menten constank(;**" of constructed ethanol-selective bioelectrode®XACF-H-
Au) was estimated to be 0.14 = 0.01 mM ethanol #dnel Ky for glucose-sensitive
bioelectrodes (GOX-CF-H-Au) was estimated as 1.48.28 mM for glucose. The limit of
detection (LOD) to ethanol for AOX-CF-H-Au was adllated as 0.005 mM, linear frames —
0.01-0.15 mM, and sensitivity — 4089.0 A*Mri%. The GOX-CF-H-Au was characterized by
LOD for glucose about 0.05 mM, the linearity of @9 mM, and sensitivity — 909.5 A-Mm?=.
The developed biosensors were tested for ethambyicose analysis in the real samples
of grape must and the wine. The results exhibigh borrelation with the results obtained using

enzymatic kits as reference approaches.
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» A new micro/nanocomposite with peroxidase-like activity was synthesized. » The nanozyme
Is based on carbon microfibers modified by hemin and gold nanoparticles. » It was used for
construction of highly sensitive ethanol and glucose biosensors. » The biosensors were tested for

ethanol and glucose analysisin the real beverages. » The obtained results have a high correlation

with the reference approaches.
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