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INTRODUCTION 

In the current age of technology, in the scientific research field, the creation of 

heterogeneous enzymatic bioanalytic and bioconversion systems takes an important place, 

because they can be used for obtaining of desired products or to detect concern analytes in 

more efficient and cheaper way. The creation of those systems is a quite challenging 

process, because not all the enzymes and the materials of different phase are compatible 

with each other. Moreover, the enzymes are short living components and usually their 

regeneration is complicated, because their active sites are usually deeply embedded in the 

protein globule [1, 2]. 

Immobilizing of oxidoreductases or other electrochemically active product 

formatting enzymes on suitable materials (electrodes), not only extends their living period, 

bus also facilitates or even ensures the regeneration of these enzymes. Moreover, due to 

this, between enzyme active site and electrode surface direct electron transport (DET) can 

be achieved, this process is the base of reagentless systems [3]. Such reagentless 

electrochemical systems are highly selective; therefore, they are promising in the creation 

of amperometric biosensors. Amperometric biosensors offer a promising alternative for 

the conventional methods (e.g. potentiometric or spectrophotometric). They have great 

potential because of their high sensitivity and selectivity, easier instrumentation, rapid 

(real-time) detection, low cost and ability to be used in turbid fluids [3, 4]. Due to these 

properties, reagentless amperometric biosensors are promising in development of simple 

and portable equipment for medical diagnostics, environmental and industrial process 

monitoring [5, 6]. 

Aiming to create effective reagentless amperometric biosensors, the main attention 

should be paid to the selection of appropriate electrode material, which would be suitable 

for effective bioelectrocatalytic processes. Due to unique physical and electrochemical 

properties, sp2 hybridized carbonaceous materials have a unique place in the creation field 

of such systems [7 – 9]. Graphene can be considered as an ideal electrode material because 

of its large theoretical surface area (2630 m2·g−1), superior electrical conductance (64 

mS·cm−1), large potential window and fast electron transfer rate [10]. Moreover, the 

presence of oxygen containing groups on graphene surface can enhance electron transfer 

rate between electrode surface and enzyme active site [11] or cause DET [12]. One of the 
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most commonly-used methods to prepare the graphene based materials with oxygen 

containing groups on their surface is the chemical oxidation of graphite. 

The aim of this study was to synthesize, select and characterize sp2 hybridized 

carbonaceous materials, which would be suitable for development of effective reagentless 

enzymatic systems. The samples of carbonaceous materials have been synthesized by four 

different oxidation protocols and by using thermal reduction of Hummers and Offeman's 

method obtained graphite oxide and graphene oxide [13]. The characteristics of newly 

synthesized carbonaceous materials were evaluated using thermal gravimetric analysis, 

atomic force microscopy, Brunauer-Emmett-Teller, scanning electron microscope, X-ray 

diffraction, Raman spectroscopy, titrimetric and elemental analysis. The obtained 

carbonaceous materials have been tested as electrode materials applicable in amperometric 

biosensors using soluble pyrroloquinoline quinone dependent glucose dehydrogenase 

from Acinetobacter calcoaceticus sp., urease from Canavalia ensiformis or D-fructose 

dehydrogenase from Gluconobacter industrius. The most effective biosensors were 

selected for carbamide measurements in dialysate of hemodialysis patients and D-tagatose 

detection in D-galactose bioconversion into D-tagatose reaction mixture.  

The aim of this work was to synthesize, select and characterize the sp2 hybridized 

carbonaceous materials and to use them for creation of highly effective reagentless 

enzymatic systems. 

The objectives: 

1. To synthesize graphite and graphene oxides, different graphite oxidation products 

and thermally reduced graphite oxide. To design optimized method which would 

allow to synthesize the different fractions of thermally reduced graphene oxide 

possessing defined properties; 

2. To characterize the synthesized materials by titrimetric, atomic force microscopy, 

Raman spectroscopy, Brunauer-Emmett-Teller, thermal gravimetric, scanning 

electron microscopy, X-ray diffraction and elemental analysis methods; 

3. To apply the synthesized and characterized carbonaceous materials for design of 

reagentless systems based on pyrroloquinoline quinone dependent glucose 

dehydrogenase from Acinetobacter calcoaceticus sp., urease from Canavalia 

ensiformis or D-fructose dehydrogenase from Gluconobacter industrius. To 

characterise these systems by main kinetic parameters; 
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4. After evaluation of systems main kinetic characteristics, to select the appropriate 

carbonaceous materials for design of D-glucose, carbamide and D-fructose 

reagentless biosensors. To characterise the biosensors by main characteristics; 

5. To select and apply the reagentless carbamide and D-fructose biosensors for 

analysis of real samples. 

The novelty and significance of the work 

1. For the first time it is shown that for successful synthesis of GOPs graphite 

oxidation in alkaline media with H2O2 or K3[Fe(CN)6] and enzyme laccase from 

Coriolopsis byrsinawere can be used. DET between active sites of PQQ-GDH and 

GOPs or TRGrO based electrode surface was achieved. The DET determining 

properties of GOPs and TRGrO were established. 

2. The proposed vertical thermal reduction and fractionalization system of GO 

allowed us to collect three different fractions of TRGO with defined properties. 

These fractions of TRGO are applicable for design of high efficiency reagentless 

D-fructose and carbamide biosensors. The efficiency of these biosensors is 

comparable to synergistic mediated processes. The systems efficiency and stability 

determining properties of TRGO fractions were established. 

3. It has been shown that the second TRGO fraction and urease based biosensor is 

suitable for precise and direct detection of carbamide in dialysate of hemodialysis 

patients, while the first TRGO fraction and immobilized FDH based biosensor is 

suitable for amperometric reagentless D-fructose detection and precise detection of 

D-tagatose in D-galactose bioconversion reaction mixture. 

Approbation of the research result. The result of the research were presented in 9 

scientific publication, 6 of them as articles have been published in the jornal included into 

Thomson Reuters Web of science data base. The research results have been presented in 

2 Lithuanians national and 15 international scientific conferences. 

Structure of the dissertation. The doctoral dissertation is written in Lithuanian and 

consists of the introduction, literature review, experimental, results and discussion, 

conclusions, the list of references (191 references) and the list of orginal scientific 

publications. The material of the doctoral dissertation is presented in 133 pages, including 

47 figures and 15 tables. 
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2 EXPERIMENTAL 

2.1 Enzymes 

Soluble pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) 

from Acinetobacter calcoaceticus sp. L.M.D. 79.41 (E.C.1.1.5.2) was purified according 

to the known protocol [14] (Department of Molecular microbiology and biotechnology 

VU GMC Institute of Biochemistry); urease from Canavalia ensiformis (E.C. 3.5.1.5.) 

(Sigma, USA); D-fructose dehydrogenase from Gluconobacter industrius (EC 1.1.99.11) 

(FDH) (Sigma, USA); Laccase from Coriolopsis byrsina EC. 1.10.3.2 was separated 

according to the protocol [15] (Department of Molecular microbiology and biotechnology, 

VU GMC Institute of Biochemistry); termophilic L-arabinose isomerase (TAI) from 

Geobacillus lithuanicus 52 (TAI) (Department of Molecular microbiology and 

biotechnology, VU GMC Institute of Biochemistry). 

2.3 Synthesis of sp2 hybridized carbonaceous materials 

2.3.1 Synthesis of graphite and graphene oxide 

Graphite oxide (GrO) was synthesized using the protocol proposed by Hummers and 

Offeman (KMnO4 and NaNO3 in concentrated H2SO4) [13]. According to this protocol 2.5 

g of NaNO3 and 5 g of graphite powder was gradually put into 115 ml of concentrated 

H2SO4 by keeping temperature of 20 °C. After that 15 g of KMnO4 was added gradually 

under stirring and the temperature of the mixture was kept below 22 °C. After all 

operations, the mixture was stirred at 35 °C for 30 min and then carefully diluted with 230 

ml of distilled H2O. After that concentrated (30%) H2O2 was added into the mixture until 

the total volume of 700 ml. The slurry was filtered and further decanted with H2O aiming 

to remove the acidity of the filtrate until the neutral pH. Further GO particles were dried 

for one day under atmospheric conditions and successively for one weak in a vacuum. 

Graphene oxide (GO) was synthesized from the natural graphite according to the 

protocol reported by Yan et al. [17]. In a typical experiment, graphite powder was treated 

with 24 mL conc. H2SO4, 5 g K2S2O8 and 5 g P2O5 at 80 °C for 4.5 h. Then, this pre-

oxidized graphite was subjected to oxidation by Hummer's method [18]. Afterwards the 

GO particles were washed with distilled water by centrifugation (5500 rpm; each run for 

20 min) several times until the pH of the filtrate was neutral. Obtained brown powder was 

dried in desiccator to a constant weight. 

2.3.2 Synthesis of graphite oxidation products 

Graphite oxidation products (GOP1 and GOP2) have been prepared by carrying out 

the synthesis in the alkaline media. Two types of pristine graphite powder: as-purchased, 

and sonified have been treated with concentrated H2O2 under temperature not exceeding 

0 °C during 3 weeks. Firstly, 50 ml of saturated KOH solution in H2O2 was prepared under 

stirring and cooling and 5 g of graphite was added into this solution gradually under 

stirring and the temperature of the mixture was kept below 5 °C. Secondly, the mixture 

was kept at 0 °C for 3 weeks. Further the reaction mixture was decanted and rewashed 

with distilled water until the pH revived neutral. Then the powder was dried under 

atmospheric conditions. Two types of the graphite GOP1 and GOP2 have been obtained 

by proposed protocol accordingly to the pristine graphite powder: as-purchased or 

sonified. 
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Graphite oxidation products (GOP3 and GOP4) have been prepared by treating two 

types of pristine graphite powder: as-purchased and sonified with K3[Fe(CN)6] in alkaline 

media for 3 weeks not exceeding 0 °C. Firstly, 50 ml of saturated KOH aqueous solution 

was prepared under stirring and cooling and then 5 g of the graphite was added into this 

solution gradually. The reaction mixture was chilled up to °0 C and 15 g of K3[Fe(CN)6] 

was added into this solution. Further the mixture was kept below 5 °C for 3 weeks and 

finally, the reaction product was decanted and rewashed with distilled water until the pH 

revived neutral. Finally, the powder was dried under atmospheric conditions. Two types 

of the graphite GOP3 and GOP4 have been obtained by proposed protocol accordingly to 

the pristine graphite powder (as-purchased or sonified) were used. 

Graphite oxidation product (GOP5) has been prepared by using the enzyme laccase 

from Coriolopsis byrsina (7000 U/ml) in alkaline media. For this case 14 mg of graphite 

powder were mixed with 10 μl of the laccase and 10 μl of phosphate buffer solution (pH 

4.2) and the reaction mixture was kept for 24 h at 15 ºC. Further the mixture was decanted 

up to neutral medium and reaction product was dried for 5 min under 50 ̊C. 

2.3.3 Thermal reduction of graphite and graphene oxide 

Thermal reduction of GrO. Thermally reduced graphite oxide (TRGrO) sample was 

obtained by reduction of GrO. According to this protocol 5 g of the GrO were kept in 

stream of argon (60 ml/min) for 1 h in horizontal furnace centre. Further GO was heated 

in stream of argon (30 ml/min) under 800 – 900 ºC for 1 h and chilled to the room 

temperature. 

Thermal reduction and fractionation of GO was performed using the equipment 

shown in Fig. 1. 1.0 g of dry GO powder crushed in an agate mortar has been added to the 

separator funnel (Fig. 1; 5) and sealed. 

 
Ar was passed through the system during 1 h; Ar flow rate was maintained at 60.0 

ml/min. After 1 h the furnace (Fig. 1; 4) was heated up to 800 °C and GO powder from 

the sealed separator funnel has been subjected to the hot zone in small portions (~0.05 g). 

During this part of the experiment the Ar flow rate was maintained at 100.0 ml/min. 

Thermally reduced GO particles are moved away from the hot reaction zone by the Ar 

flow and settle in subsequent chambers (Figs. 1; 1, 2 and 3) depending on the charge and 

mass. Collected fractions of reduced GO are labeled as TRGO1, TRGO2 and TRGO3, 

respectively. The mass ratio of TRGO1 : TRGO2 : TRGO3 in the experiment was obtained 
as 0.428 : 0.019 : 0.004, respectively. 

Fig. 2. 1 Equipment used for the thermal 

reduction and fractionation of GO. 1 - chamber 

for TRGO1, 2 - chamber for TRGO2, 3 - chamber 

for TRGO3, 4 - heating zone, and 5 - separatory 

funnel for GO. 
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2.4 Characterization methods of sp2 hybridized carbonaceous materials 

Thermal gravimetric analysis (TGA). TGA measurements were carried out using 

thermal gravimetric analysis equipment (Pyris 1, Clarus 600 T MS Perkin-Elmer, USA). 

The measurements of 10 mg of each carbonaceous materials sample were performed in  

temperature range of 25 oC – 500 oC at a scan rate of 10 oC·min-1 under nitrogen 

atmosphere. 

Raman spectroscopy. Raman spectra were obtained on a confocal Raman 

spectrometer/microscope (LabRam HR800, Horiba JobinYvon, USA). A 633 nm He-Ne 

laser was used as the excitation source. The laser power at the sample was restricted to 1 

mW and the laser beam was focused to 2 μm diameter spot on the surface. Spectra were 

taken with the 50x objective lens. The overall integration time was 100 s. Frequencies and 

intensities of Raman bands were determined by fitting the experimental contour with 

Gaussian-Lorentzian components.  

Brunauer–Emmett–Teller (BET) analysis has been applied for all carbonaceous 

materials powders by using BET analyzer (TriStar II 3020, Micromeritics, USA). The N2 

adsorption and desorption isotherms were measured at –196 oC. Prior to the gas sorption 

measurements, all the samples were outgassed in N2 atmosphere at 100 oC for 2 h. The 

specific surface area was calculated using the BET method.  

Titration of functional groups. The amount of acidic and basic functional groups 

on the surface of GOPs and GrO samples was determined titrimetrically using 0.1 M and 

0.01 M solutions of NaOH, Na2CO3, NaHCO3 or HCl according ref. [19]. 

AFM measurement. Surfaces of prepared samples using all GOPs were analyzed 

by scanning probe microscope (D3100/Nanoscope IVa, Veeco Instruments Inc., USA). 

Tapping mode of surface scanning was used for visualization and characterization of the 

particles. The data and AFM images were processed by the NanoScope Software 6.14 

(Veeco Instruments Inc.). The samples for AFM measurements have been prepared as 

follows. Firstly, the aqueous suspensions of carbonaceous materials were obtained by 

mixing of 0.5 mg powder of GOP with 120 μl of distilled water. 10 μl of the suspension 

were dropped onto silica plate and dried under 110 oC for 10 min and then left in a 

ventilating hood until the sample temperature decreases up to 30 oC. Aiming to reduce 

moisture of the sample surface before each measurement the samples were additionally 

dried under 50 oC for 20 min.  

Scanning electron microscope (SEM) images were obtained using a Hitachi SU-

70 scanning electron microscope at an accelerating voltage of 5.0 kV at magnifications of 

25,000–100,000×. SEM images of GO were generated using a 0.8 kV deceleration voltage. 

The bulk density was determined by weighting and volume measurement of powder 

samples [20]. 

Elemental analysis was performed using a Thermo Scientific FLASH 2000 Series 

CHNS/O Analyzer. Carbonaceous materials samples were weighed (20 mg) and 

introduced into the pyrolysis chamber (1060 °C). Produced oxygen contained gases were 

captured in a mixing chamber and homogenized before being separated using gas 

chromatography with thermal conductivity detection. High purity helium was used as 

carrier gas. The results were reported as percent by weight of oxygen.  

X-ray diffraction (XRD) studies were performed using an X-ray diffractometer 

Bruker D8 Advance with Cu Kα radiation (Kα1 = 1.54056 Å). XRD of the powder samples 

was recorded for 2θ values from 10° to 55°. The characterization was done at 40 keV and 

40 mA with a step size of 0.040° and a dwell time of 1.0 s. 
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2.5 Preparation of biosensors and electrochemical measurements 

Aiming to design working electrodes, carbonaceous materials were extruded by 

forming tablet. The tablet was sealed in a Teflon tube with amorphous carbon pasta. 

Electrodes were washed with bi-distilled water, and dried before use. Working electrode 

(biosensor) was designed by adsorbtion or mechanically attaching and fixing the 

membrane containing immobilized enzyme to the surface of the electrode. The basic 

scheme of biosensor construction is presented in Figure 1. 

 

 

Chronoamperometry measurements were performed using an electrochemical 

system (PARSTAT 2273, Princeton Applied Research, USA) with a conventional three-

electrode system comprised of a platinum plate electrode as auxiliary, a saturated Ag/AgCl 

electrode as reference and working electrodes using carbonaceous materials (biosensor). 

The response of the prepared biosensors to the addition of enzyme substrate was 

investigated under potentiostatic conditions (the following conditions are considered as 

standard for each system): at +0.4 V in a stirred 0.05 M acetate buffer solution, pH 6.0 in 

a case of PQQ-GDH; at +0,2 V in a stirred 0.02 M phosphate buffer solution, pH 7.2 in a 

case of urease; at +0.4 V in a stirred McIlvaine, pH 4.5, and K-phosphate buffer, pH 7.5 

buffer solutions. All measuremens were obtained at 20 oC temperature.  

From the experimental dependence of the current density (j) on substrate 

concentration (C), the apparent maximum response density (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

) and apparent Michaelis 

constant (𝐾𝑀
𝑎𝑝𝑝

) were evaluated. For this, the response curent density was measured three 

times in the solution with C and the average response j was obtained. The experimental 

dependence j vs. C was approximated by OriginPro 8 (free trial version from 

http://www.originlab.com, OriginLab Corporation, USA) according to the 

electrochemical version of the Michaelis-Menten Eq [21]. (1): 

𝑗 =
𝑗𝑚𝑎𝑥

𝑎𝑝𝑝
 [𝑆]

𝐾𝑀
𝑎𝑝𝑝

+ [𝑆]
                                                                                                               (𝟏) 

The 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 is maximal oxidation current density generated by bioelectrocatalytic 

process (describes effectiveness of biosensor) and 𝐾𝑀
𝑎𝑝𝑝

 is apparent Michaelis constant 

which is a key technical characteristic of the amperometric biosensor. 𝐾𝑀
𝑎𝑝𝑝

 represents the 

linearity [22] of the calibration curve and qualitatively characterizes the biosensor as a 

reaction-diffusion system: when the apparent Michaelis constant is much larger than its 

value for soluble enzyme Michaelis constant (KM), it means that significant diffusion 

barrier is present between the sample and the reaction layer [23, 24]. 

Sensitivity of the biosensors were defined as a slope of the linear range of calibration 

curve. 

Detection limit (LOD) was calculated as the standard deviation of the current of 

response to substrate (in the linear calibration curve range) multiplied by three and divided 

by the sensitivity [25]. 

Fig. 2.2 Basic scheme of the amperometric 

biosensor: 1 - rubber ring, 2 - terylene film, 3 - 

layer of enzyme, 4 - electrode layer consisting 

of carbonaceous material, 5 - electrode contact 

zone, 6 - corps, 7 - electrical wire.  

http://www.sciencedirect.com/science/article/pii/S0169433214020546#fig0005
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The inactivation constants (kin) were calculated for biosensors as a slope obtained in 

semi-logarithmic coordinates of amperometric responses to substrate (in linear calibration 

curve range) vs. time.  

2.5.1 Enzyme immobilization 

The PQQ-GDH was immobilized on 2 mm diametre individual flexible support of 

0.1% (2 µl) PVA coated terylene film. Adsorption of 2 μl (18000 U·ml-1) of PQQ-GDH 

at room temperature to the support was the method for the immobilization of the enzyme. 

The biosensor was designed by mechanically attaching and fixing with rubber ring the 

membrane, containing immobilized PQQ-GDH to the surface of the electrode consisting 

of different carbonaceous materials: GOPs, GrO, TRGrO and graphite. 

The urease was immobilized on the flexible support of terylene pre-coated with 

0.1% (2 µl) PVA by cross linking of 2 µl of urease (2 mg/30 µl (80 kU·g-1) in phosphate 

buffer solution (pH 7.2) containing 2 mg of BSA) using 5 µl of 5% glutaraldehyde. The 

biosensor was designed by mechanically attaching and fixing with rubber ring the 

membrane, containing immobilized urease to the surface of the electrode consisting of 

different carbonaceous materials: GOPs, GrO, GO,TRGrO, TRGO fractions or graphite. 

FDH immobilization. D-fructose biosensor was prepared by the adsorption on the 

electrode surface consisting of different carbonaceous materials (GO, TRGO fractions or 

graphite). of 2 µl, 0.5% triton X-100 solution in water (30 min, 10 °C). Then 2 µl of FDH 

(1471 U·ml-1) in McIlvaine buffer solution (pH 4.5) were absorbed for 30 min, at 10 °C. 

Finally, the biosensor was designed by mechanically attaching and fixing the flexible 

terylene film with rubber ring to the pretreated surface of the electrode. 

3 RESULTS AND DISCUSSION 

3.1 Examination of sp2 hybridized carbonaceous materials 

3.1.1 Examination of GOPs and TRGrO  

Aiming to evaluate amount and type of oxygen functional groups of newly 

synthesized GOPs and GrO, the titration method was applied [19]. Results are given in 

Table 3.1. 

Table 3.1 Functional groups determined on the surface of GrO and GOP samples. 
Samples Amount of acidic functional groups, mmol·g-1 Amount of basic 

functional groups mmol·g-1 

  
Hydroxy- Carboxy- Lactone 

GrO 3.433 1.511 0.278 0.000 

GOP1 0.000 0.000 0.000 0.108 

GOP2 0.000 0.000 0.000 0.157 

GOP3 0.000 0.000 0.000 0.138 

GOP4 0.000 0.000 0.000 0.167 

GOP5 – – – – 

TRGrO – – – – 

Graphite 0.000 0.000 0.000 0.000 

Acidic functional groups (hydroxy-, carboxy- and lactone) are present in GrO 

samples in the quantities, which are considerably less in comparison with total oxygen at 

the C : O ratio 2.7 : 1 [26]. Consequently, the largest amount of oxygen in GrO should be 
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incorporated into the basal plane of graphene, most probably, in the form of epoxy groups. 

No acidic functional groups have been found in the all GOPs samples; they can be 

characterized by presence of the basic functional groups. For the samples obtained from 

the sonified graphite raw material amount of the basic functional groups is higher in 

comparison with the samples from as-purchased graphite.  

The presence of oxygen functional groups on a surface of all synthesized 

carbonaceous materials was approved by the thermal gravimetric analysis (TGA). TGA is 

a reliable analytical technique based on measurements of the weight loss of materials as a 

function of temperature. The core of the method is that the investigated samples lose the 

weight as they are heated from a simple process such as drying or from chemical reactions 

or decompositions that liberate gases [27]. The TGA curves of all carbonaceous materials 

and the pristine graphite are shown in Figure 3.1 A. 

 

 

 

 

 

     

 

Fig. 3.1 TGA data (A) and Raman spectra (B) of graphite, GrO, GOPs and TRGrO. 

As it can be clearly seen in Fig. 3.1, the samples differ in their thermal behavior. 

Pristine graphite displays rather simple linear dependence, without any steps, indicating a 

uniform weight loss probably of adsorbed impurities. In contrast, the TGA curve of GrO 

showed two distinct steps: the weight loss from 25 to 150 oC is due to the evaporation of 

water (12 %) [27], the second one from 150 to 400 oC (34 %) is caused by decomposition 

of labile oxygen groups (carboxylic, lactone or anhydride) [27, 28]. The TGA curves of 

GOPs in the first step do not showed pronounced weight loss, whereas the weight loss of 

TRGrO was up to 5 %. In the temperature range of 150 – 400 oC where the weight loss of 

carbonaceous materials occurs due to the changes in their chemical structure: elimination 

of labile functional groups and by forming of CO2 or CO [27, 28] the TGA curves of 

GOP1, GOP2, GOP3, GOP4 ir GOP5 shows approximately 1 % of the weight loss, TRGrO 
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– 6 % whereas pristine graphite did not exhibited any changes in TGA curve. These data 

confirms the presence of oxygen functionalities on the surface of GOPs. The thermal 

treatment of GrO under inert atmosphere also produced TRGrO with some basic character 

[28]. The lower amount of acidic functional groups of TRGrO compared to GrO confirms 

that the surfaces of this product became more hydrophobic. 

Aiming to study newly synthesized GrO, GOPs and TRGrO Raman spectroscopy 

was applied because the Raman spectroscopy is known as a powerful technique in 

characterization of carbon structures [29]. The G band is the most significant attribute in 

the Raman spectra of sp2 hybridized carbon materials. Another band called D band 

indicates a certain amount of disorder of edges within the carbon structure [30]. The G 

band of carbonaceous materials has E2g symmetry. Its eigenvector involves the in-plane 

bond-stretching motion of pairs of carbon sp2 atoms. This mode does not require the 

presence of sixfold rings. D and D′ – disorder induced bands that are observed in defective 

structures. The D band is a breathing mode of A1g symmetry. This mode is forbidden in 

perfect graphite and only becomes active in the presence of disorder. The D mode is 

strictly connected to the presence of sixfold aromatic ring. Due to defects on graphene 

sheets its structure becomes not so tight like in graphite and symmetric vibration of sixfold 

aromatic rings expressed as D band intensity (I(D)) increases [31, 32]. D and G band 

intensity (I(D)/I(G)) ratio show the level of disorder in graphene. D′ is the double 

resonance Raman process generated band and presents the graphite edge imperfection [31, 

32]. In this study Raman spectra of all carbonaceous materials were performed in the range 

of 1200 – 1700 cm−1 and are presented in Fig. 3.1 B. 

As it is clearly seen in Fig. 3.1 B, Raman spectra of GrO and TRGrO differs from 

other GOPs because these spectra exhibit only presence of D and G peaks, whereas all 

spectra of GOPs are rather similar to pristine graphite. The Raman spectrum of the pristine 

graphite shows a high intensity G peak at 1575 cm−1, a D peak at 1328 cm−1 and a weak 

D′ peak at 1612 cm−1. The GOPs G, D and D′ bands compared to the pristine graphite G 

band are shifted to higher wavenumber area (blue shift). The blue shift occurs mostly due 

to the isolated double bonds, which are formed during the oxidation process [26, 31, 33]. 

The largest blue shift is obtained for the GrO samples (20.6 cm−1), supposedly it occurs 

due to the formation of large amount of oxygen containing functional groups that 

originates the isolated double bonds in the reaction with strong oxidizing agents (KMnO4, 



15 

NaNO3, H2SO4). In the case of graphite treated with weak oxidants (H2O2, K3[Fe(CN)6]), 

small amount of oxygen containing functional groups is formed (products labeled as 

GOP1, GOP2, GOP3 and GOP4). Thus, the blue shift in the spectra of GOP1, GOP2, 

GOP3 and GOP4 are negligible: for GOP1 and GOP2 it is ∼5 cm−1 and for GOP3 and 

GOP4 it is ∼1 cm−1. In fact, H2O2 has stronger oxidizing properties (redox potential is 

0.878 V [34]) than K3[Fe(CN)6] (redox potential is 0.486 V [35]) in strong solution of 

alkalis. Therefore, we assume that H2O2 oxidizes not only the higher reactivity carbon 

atoms at the edges of the graphene sheets; some of basal plane atoms, which are lower in 

reactivity, are also oxidized forming isolated double bonds. Whereas, K3[Fe(CN)6] has 

apparently weaker oxidizing properties and reacts with the carbon atoms at the edges 

exclusively. In the case of enzymatically oxidized GOP5, the blue shift of G peak is 10 

cm−1. We still do not know exactly the mechanism of the enzymatic oxidation, but it is 

most likely that laccase due to its spatial positioning is able catalytically oxidize basal 

carbon atoms rather these at the edges. Therefore, this is the reason of the large blue shift 

of G peak indicating the appearance of the isolated double bonds. 

Compared the peak of G band of GrO to that of TRGrO, the peak of TRGrO is more 

closely shifted toward the position of the G band in graphite. It shows that part of sp2 

bonding network during the process of thermal reduction was restored [33]. However, 

during the process of removal of oxygen functional groups from GrO, vacancies and 

topological defects are formed inside the graphene planes. Furthermore, during the 

oxidation of graphite, as well as the reduction of GrO, the amorphization of graphite takes 

place by resulting in transition of sp2 bonds to sp3 [26]. Due to the amorphization of 

graphite the intensity ratio of D and G band (I(D)/I(G)) increases [31, 33]. The I(D)/I(G) 

ratios of GOP1, GOP2, GOP3, GOP4 and GOP5 do not significantly differ from that of 

pristine graphite (Fig. 3.1 A). These data suggest that during the oxidation process the 

amorphization of graphite does not take place. On the contrary, the samples GOP2, GOP3, 

GOP4 and GOP5 are characterized by the lower concentration of defects compared to that 

in pristine graphite. The ratio I(D)/I(G) values of GrO and TRGrO are obtained of 1.12 

and 1.11, respectively and this is more than two times higher than that of pristine graphite 

(0.45). This is the evidence that during the oxidation the graphite amorphization takes 

place yielding small and disordered particles. 
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The GrO, GOPs, TRGrO and graphite particles were examined and characterized by 

AFM. Two-dimensional representation of AFM topographic data of graphite and GOPs is 

shown in Fig. 3.2 All samples were characterized by parameters such as average particle 

diametre (dav) and the average particle height (hav). The average diameter of particles and 

the average particle height are summarized in Table 3.2. 

 

Fig. 3.2 Two-dimensional AFM images of the graphite, GOP1, GOP2, GrO and TRGrO. 

Table 3.2 Physical properties of graphite, GrO, TRGrO and GOPs determined by AJM 

and BET analysis.  
Material dav, nm hav, nm SBET, m2·g-1 

GrO 26 

52 

0.95 

8 

59.9 ± 0.6 

GOP1 48 2.6 8.1 ± 0.03 

GOP2 53 3.4 8.7 ± 0.03 

GOP3 62 5.5 8.2 ± 0.04 

GOP4 50 3.5 10.1 ± 0.06 

GOP5 56 1.8 7.6 ± 0.06 

TRGrO 11 0.5 235.8 ± 1.1 
Graphite 76 1.3 13.1 ± 0.04 

The AFM data clearly show that all synthesized carbonaceous materials are 

composed of nanometric particles (dvid. are from 11 to 62 nm and hvid. from 0.5 to 5.5 nm). 

The TRGrO particles have the smallest size while the GOP3 particles have the biggest size 

(Fig. 3.2 and Table 3.2).  

Comparing dav of pristine graphite to that of GOPs, it can be concluded that the 

oxidation process is able to reduce the diameter of the particle. However, average height 

of GOP1, GOP2, GOOP3, GOP4, GOP5 and GrO is higher than that of graphite. This 

could be due to the interaction of oxygen function groups in GOPs samples with those on 

the silica plates during the drying process. In the case of GrO, two sets of the particles with 

different sizes were obtained. Average diameter of large particles was ∼52 nm and average 
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height was ∼8 nm, while average diameter of small particles was ∼26 nm and average 

height was ∼1 nm. The obtained average height of small particles coincides with that 

reported for the single layer of graphene oxide [36]. The measured average diameter of 

TRGrO particles was ∼11 nm and the average particle height was ∼0.5 nm, which is very 

close to that of the single layer of graphene (0.39 nm) [37]. 

The specific surface area (SBET) of all samples was evaluated using the Brunauer–

Emmett–Teller (BET) method. All synthesized carbonaceous materials SBET were 

obtained from the N2 adsorption-desorption isotherms. It was found that all N2 adsorption-

desorption isotherms of samples are characterized by an H3 hysteresis loop, which is 

typical for plate-like particles [28, 39]. This fact was confirmed by the AFM data (Fig. 3.2 

and Table 3.2): all materials have a diameter between 26 and 76 nm and a height between 

0.5 and 5.5 nm. These AFM date approved the flat (plate-like) nature of the graphite, GrO, 

TRGrO and GOPs particles. The BET data are shown in Table 3.2. 

The SBET of oxidation products GOP1, GOP2, GOP3, GOP4 and GOP5 was lower 

than that of pristine graphite. For GOP2 and GOP4, where sonified pristine graphite was 

used in the oxidation procedure, insignificantly higher SBET of oxidized products were 

found compared to GOP1 and GOP3 respectively. In fact, this was expected because 

according to Guittonneau et al. [40] during the sonication the amorphization of graphite 

occurred. Decrease of SBET for GOP1, GOP2, GOP3, GOP4 and GOP5 compared to that 

of pristine graphite, is most likely due to the interactions between oxygen-containing 

functional groups at the edges, which are able to form closed structures that lower surface 

areas. The surface area of TRGrO compared to that of GrO was increased more than four 

times during the reduction process. Moreover, TRGrO SBET was increased eighteen times 

compared to that of graphite and almost twenty five times compared to the others of GOPs. 

3.1.2 Examination of TRGO fractions 

Proposed vertical thermal reduction system allowed us to separate and collect three 

different fractions of TRGO (TRGO1, TRGO2 and TRGO3) with different 

physicochemical properties. Since the nature and quantity of surface functional groups and 

other surface characteristics of graphene materials have a great influence on the work of a 

biosensor, three different fractions of TRGO were thoroughly characterized by SEM, 

TGA, XRD, Raman spectroscopy and BET measurements. 
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Aiming to evaluate amount of oxygen functional groups of newly synthesized TRGO 

fractions and GO, the TGA and elemental analysis method were applied. Results are given 

in Figure 3.3. TGA curves of newly synthesized carbonaceous materials show a weight 

loss between 35 °C and 500 °C.  

 

 

 

 

 

 

 

 

Up to 150 °C the weight loss occurs due to the removal of water (in the form of 

adsorbed moisture and intercalated H2O) [27]. Maximal values in this interval are reached 

for GO (13%); for TRGO fractions this parameter is significantly less (up to 5%), and no 

weight loss for graphite is observed. In the temperature interval 150 – 400 °C weight loss 

of carbonaceous materials occurs due to the changes in their chemical structure: 

elimination of labile functional groups (carboxy, lactone, epoxy, phenolic) in the form of 

CO2 or CO [28]. The most pronounced weight loss is for the GO (34%) and TRGO1 (8%) 

samples. The maximum rate this process reaches at c.a. 275 °C for both types of 

carbonaceous materials; the circumstance which proves the similarity of the processes that 

occur in both materials. Supposedly, remains of GO structure in the TRGO1 fraction are 

responsible for the similarities of both processes. The mass change for TRGO2 and 

TRGO3 occurs evenly in the temperature interval 150 - 500 °C; so, we can conclude that 

these fractions include less oxygen-containing functional groups in comparison with these 

in TRGO1. This conclusion is consistent with the data obtained from elemental analysis 

(see inset in Fig. 3.3). 

SEM images of graphite GO and TRGO fractions are shown in Fig. 3.4 a - e. The 

sites with typical morphology features are shown in insets at higher magnification. 

Fig. 3.3 Data of TGA and elemental 

analysis (inset) of graphite, GO and 
TRGO fractions. 
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The characteristic change of morphology during the process of thermal reduction of 

GO is observed. In the case of graphite, crystalline lamellar structure is clearly visible. 

Much less crystallinity is observed in GO, nevertheless, the structure of GO should be 

considered to be compact. The SEM results also show the change in morphology of TRGO 

fractions. Graphene layers in the case of TRGO fractions are stacked in a random fashion, 

with turbostratic defects. The thermal reduction is accompanied by a pronounced decrease 

in the structure compactness; bulk density (ρb) data of graphite, GO and TRGO fractions 

are presented in Figure 3.4 f. ρb data are consistent with the SEM results: decrease in the 

ρb of TRGO fractions is associated with a random distribution of separate graphene sheets. 

The XRD patterns of graphite, GO and TRGO fractions are presented in Fig. 3.5 A. 

 

 

 

 

 

 

 

 

 

Fig. 3.5 XRD data (supplemented with fitting curves) (A) and Raman spectra (excitation 

wavelength 633 nm) of graphite, GO and TRGO fractions, the inset shows the G peak position 

and intensity ratio I(D)/I(G) (B). 

The XRD pattern of graphite is compared to that in the PDF card 00-056-0159. A 

sharp peak at 2θ = 26.54° (002) and less intensive peaks at 2θ = 42.36° (100), 2θ = 44.56° 

(101) and 2θ = 55.66° (004) are present in the diffractogram of graphite. The interlayer 

distance d002 in graphite powder samples determined from the peak at 26.54° equals 0.34 

Fig. 3.4 SEM images of 

graphite (a), GO (b), 

TRGO1 (c), TRGO2 (d) 

and TRGO3 (e). Bulk 

densities of graphite, GO 
and TRGO fractions (f). 
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nm; the crystallite size reaches a value of about 31.9 nm. The peaks in the diffractogram 

of GO (2θ = 10.35° and 2θ = 42.57°) correspond to the enlarged interlayer distance of 0.86 

nm and the crystallite size of 7.2 nm. The XRD patterns of TRGO fractions indicate that 

certain ordered structure exists in the case of TRGO2 and TRGO3, while amorphous 

structure prevails in the case of TRGO1. At this point, we do not have the complete 

information to explain the origin of pronounced crystalline structures in the TRGO2 and 

TRGO3 fractions. The peaks of crystalline phase in XRD patterns of TRGO2 and TRGO3 

(2θ = 28.49° and 2θ = 30.95° respectively) do not coincide with those of pure graphite and 

GO. In both cases the peaks are shifted to higher angles indicating the contraction of the 

interlayer distance (0.31 nm for TRGO2 and 0.29 nm for TRGO3).  

Raman spectra of graphite, GO and TRGO fractions in the range of 1000 – 1900 cm−1 

are shown in Fig. 3.5 B. Two peaks (D and G) are dominant in the spectra of all samples. 

The Raman spectrum of the pristine graphite shows a G peak of high intensity at 

1575 cm−1, a D peak at 1328 cm−1, and a weak D' peak at 1612 cm−1. The G band in GO 

is shifted 12 cm-1 to higher frequencies compared to the pristine graphite (Fig. 3.5 B inset). 

We suggest that this shift is mostly affected by the isolated double bonds in the structure 

of GO, which resonate at higher frequencies [31]. In TRGO fractions the positions of G 

band are shifted slightly to the values more close to that of pristine graphite (Fig. 3.5 B 

inset) indicating that in-plane sp2 bonding network was restored during the thermal 

reduction process. In TRGO3 the position of G band is shifted mostly due to this TRGO3 

is consist of mostly reduced particles with less amount of oxygen groups. Thermal 

reduction of GO involves the removal of oxygen containing functional groups, thus 

creating defects within the graphene basal plane. Additionally, it has been suggested that 

TRGO fractions exhibit a mixture of sp2 and sp3 bonds that depends on the degree of 

reduction. Furthermore, the electrical transport behavior changes from insulator-hoping-

like to semimetal-band-like as the number of localized π states increases [41]. D and G 

band intensity (I(D)/I(G)) ratio (Fig. 3.5 B inset) shows the level of disorder in graphene. 

According to this parameter, all TRGO fractions contain approximately the same amount 

of defects, while the highest concentration is present in TRGO2 (I(D)/I(G) = 1.4).  

Specific surface area is one of the most important characteristics for graphene based 

materials. These materials with high surface area are promising candidates for biosensors 

[8, 42]. The SBET and dav of pore of all samples were evaluated using the BET method. The 
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data are shown in Table 3.3. The BET surface area data of graphite, GO and TRGO 

fractions were obtained from the N2 adsorption-desorption isotherms. It was found that all 

isotherms of samples are characterized by an H3 hysteresis loop, which is typical for plate-

like particles [38, 39]. 

Table 3.3 BET data of graphite, GO and TGRO fractions. 
 SBET, m²·g-1 dav, Å 

Graphite 12.8 ± 0.1 107.9 ± 14.0 

GO 11.1 ± 0.2 42.3 ± 5.5 

TRGO1 316.8 ± 1.1 142.3 ± 18.5 

TRGO2 689.5 ± 11.3 148.8 ± 19.3 

TRGO3 503.0 ± 15.7 146.3 ± 19.0 

Going from graphite to the thermally reduced fractions of GO, up to TRGO2, the 

SBET and dav of pore were increasing. The TRGO2 powder is characterized by the highest 

surface area (689.5 ± 11.3 m²·g-1), however it is significantly lower than the theoretical 

surface area (2630 m²·g-1) reported for an individual graphene sheet [43].SBET of TRGO2 

was increased almost sixty times compared to that of GO and more than two times 

compared to that of TRGO1. The surface area and average pore width of TRGO3 were 

slightly smaller than that of TRGO2. As can be seen in Fig. 3.5 B (inset) the concentration 

of defects of TRGO3 is lower compared to that of TRGO2. This could explain the smaller 

SBET of TRGO3. 

It is known that during the oxidation process the graphite crystallites are reduced in 

size [26, 44]; simultaneously amount of defects is considerably increased (inset in Fig. 3.5 

B). However, as can be seen in Table 3.3, SBET and dav of pore of GO have the smallest 

values. This divergence could be explained by the fact that the N2 molecules are unable to 

penetrate the interlamellar space of GO [45].  

3.2 Carbonaceous materials and enzymes based reagentless systems  

3.2.1 Examination of PQQ – GDH based reagentless systems 

To define the possible factors that might be resposible for successful ET in 

bioelectrocatalytic systems acting on a principle of DET, the biosensors using the 

synthesized carbonaceous materials and pristine graphite have been investigated on a base 

of glucose oxidation reactions catalyzed by pyrroloquinoline quinone-dependent glucose 

dehydrogenase (PQQ-GDH). In a case of control biosensor the, pristine graphite was used 

for electrode construction. The current response of the manufactured biosensors to D-

glucose was measured as the difference between the steady state current and the 
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background current. The current density as a factor of the successful ET between the active 

site of the enzyme and the electrode surface (expressed as the maximal oxidation current 

(𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

)) was calculated for each biosensor under saturating concentration of substrate. Both 

kinetic parameters of biosensors the 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 and the apparent Michaelis constant (𝐾𝑀
𝑎𝑝𝑝

) were 

summarized in Fig. 3.6 A.  

 

 

 

 

 

 

  

Fig. 3.6 Kinetic characteristic of biosensors measured under standard conditions (A) 

and DET between active site of PQQ-GDH and electrode using GOPs and TRGrO, E = 

0.4V vs. Ag/AgCl (B). 

As can be seen in Fig. 3.6 A, biosensors based on PQQ-GDH acting on electrodes 

using GrO or pristine graphite do not show any response to D-glucose, while 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

  for 

others materials changed from 63.6 ± 5.8 to 31.7 ± 1.8 μA·cm-2 for TRGrO and GOP1, 

respectively. Different values of 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 obtained for all biosensors indicate that the slowest 

and limiting stage is the electron transfer from the enzyme active site to the electrode 

surface, rather than the ET from the substrate to the enzyme. On purpose to understand 

what factors defined the successful ET in such bioelectrocatalytic systems, the principle 

of direct bioelectrocatalysis has to be explored. Schematically, the involvement of the 

enzymes in the DET can be represented as shown in a case of PQQ-GDH in Fig. 3.6 B.  

Obviously, ET to/from electrode can be provided exclusively by the enzymes 

catalyzing redox reactions. DET presumes an absence of any freely diffusing or even 

immobilized ET mediating compounds. Thus, electron has to be transferred directly from 

active site of enzyme to electrode surface (in a case of electrooxidation). However, the 

number of bioelectrocatalytic systems possessing DET are strongly restricted due to the 

nature of enzymes or distance between electrode surface and the active site of the enzyme. 

PQQ-GDH does not possess any intrinsic ET mediators (hemes). Thus, in absence of 

additional mediating materials, PQQ-GDH does not indicate any catalytic redox behavior 
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even on non pre-oxidized SWCNT electrode [46]. Thus, novel electrode materials 

allowing DET in enzymatic systems are still very actual. 

Apparently, carbonaceous materials containing proper surface morphology or 

functionalities are very promising for amperometric biosensorics because it opens new 

possibilities to overcome ET restrictions in such systems. Considering the drastic 

differences of 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 source values of studied biosensors based on synthesized carbonaceous 

materials and titrimetric, TGA, BET, Raman spectroscopy and AFM analysis, it was 

highly interesting to understand, what parameters of GOPs and TRGrO were responsible 

for successful ET. TRGrO exhibited highest efficiency and by TGA analysis it could be 

matched to the high degree of oxygen functional groups, but in a case of GrO this degree 

is even higher, however, PQQ-GDH does not transfer electrons to the GrO electrode 

surface (Fig. 3.6 A). BET analysis also reveals higher surface area of TRGrO (235.8 ± 1.1 

m2·g-1) suggesting that the highest ET acceleration in biosensor could be attributed only 

to this factor. However, GrO possess much higher surface area 59.9±0.6 m2·g-1 compared 

to other GOPs (7.6 ± 0.06 – 10.08 ± 0.06 m2·g-1), but GrO are absolutely unusable for 

PQQ-GDH bioelectrocatalytic system working on a principle of DET. Moreover, 

efficiency of GOPs varied from 31.7 ± 1.8 to 54.3 ± 2.8 μA·cm-2 that is quite close to the 

efficiency of TGRrO, although surface area of these GOPs were at least 40 – 20 times less 

than in a case of TRGrO. Obviously, TRGrO possess smallest sizes of particles that can 

be promising feature allowing proper ET distance. Also for successful ET in biosensors 

operating on DET mode the enzyme orientation is crucial [47, 48] thus, the absence of 

proper functionalities helps to orient the enzyme. TGA data revealed that TRGrO had 

oxygen functional groups that can serve for enzyme orientation. Although, examination of 

Raman spectra of the GrO and the TRGrO showed that for achieving of DET the 

carbonaceous material has to possess not only high degree of defects but also well π-

conjugated bond system which defines excellent electrical conductivity and high electron 

mobility. To summarize, the efficiency of DET strongly depends on optimal 

functionalities, morphology (SBET, dav, hav) and structural features (defectiveness) of 

carbonaceous materials. 

It should be also noted, that the systems based on TRGrO and GOP5 exhibited higher 

𝐾𝑀
𝑎𝑝𝑝

 value compared to that of native enzyme (0.5 mM) [49] (Fig. 3.6 A). In fact, 𝐾𝑀
𝑎𝑝𝑝
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value in heterogeneous electro-catalytic systems depends on two parameters: shape of the 

active center affected during immobilization of the enzyme (that usually increases 

𝐾𝑀
𝑎𝑝𝑝

values) and the substrate concentration onto electrode surface. In general, higher 

values of 𝐾𝑀
𝑎𝑝𝑝

 as compared to values of native enzymes obtained in solution for majority 

of biosensors indicate that the slowest and limiting stages are the substrate diffusion to 

enzyme active site and the ET from the enzyme active site to the electrode surface. The 

samples obtained from the sonified graphite raw material (GOP2 and GOP4) exhibit lower 

𝐾𝑀
𝑎𝑝𝑝

 values in comparison with the samples obtained using as-purchased graphite raw 

material. This result may be explained by the facts that the GOPs obtained from the 

sonified graphite raw material (GOP2 and GOP4) have higher amount of basic functional 

groups and SBET in comparison with the GOPs from as-purchased graphite (GOP1 and 

GOP3) (Table 3.1 and Table 3.2). These characteristics improved the affinity of PQQ-

GDH to the electrode surface. For this reason, the 𝐾𝑀
𝑎𝑝𝑝

 values of biosensor become lower. 

It also was observed that 𝐾𝑀
𝑎𝑝𝑝

 values depend on the amount of defects of carbonaceous 

materials (Fig. 3.1 B). 

The operational stability of the biosensors prepared with GOPs, TRGrO and PQQ-

GDH was studied. For this, the continuous measurements of the responses at a working 

potential of 0.4 V for D-glucose (5 mM) were carried out in acetate buffer solution at least 

800 h. The inactivation data of biosensors are presented in Figure 3.7 A. Inactivation 

constants (kin) for D-glucose biosensors based on DET were calculated.  

 

 

 

 

 

 

 

As can be seen in Fig. 3.7, the sensitivity of biosensors based on GOP1, GOP2, 

GOP3, GOP4 ir GOP5 increases during 168 h due to a reorganization of the matrix and an 

improvement of the contact and orientation between the PQQ-GDH globule and the 

carbonaceous materials electrodes. After a period of 168 h, the sensitivities of these 

Fig. 3.7 Stability of D-glucose biosensors 

based on immobilized PQQ-GDH on GOPs or 

TRGrO surface measured under standard 

conditions. 
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biosensors decrease linearly. Meanwhile, sensitivity of biosensors based on TRGrO 

decreases linearly from the first measurement. The calculated inactivation constants for 

different carbonaceous materialas based biosensors were 7.6 ± 1.8 h-1 (GOP1), 7.3 ± 1.8 

h-1 (GOP2), 6.7 ± 1.6 h-1 (GOP3), 5.8 ± 1.0 h-1 (GOP4), 15.5 ± 3.1 h-1 (GOP5) and 15.0 ± 

1.2 h-1 (TRGrO). It was found that kin for biosensors based on GOP5 and TRGrO were 

higer comparing with others biosensors. The TGA and titrimetric analysis (Fig. 3.1 A and 

Table 3.1) revealed that the GOP5 and the TRGrO have the largest amount of the oxygen 

containing functional groups that participate in ET from the active site of the PQQ-GDH 

to the electrode. In our opinion, the sensitivity of biosensors were decreased due to oxygen 

containing functional groups reduction during the experimental period. 

3.2.2 Examination of urease based reagentless systems 

To define the main factors responsible for successful ET in bioelectrocatalytic 

systems acting on a principle of DET, the biosensors using all the synthesized 

carbonaceous materials (GOP1, GOP2, GOP3, GOP4, GOP5, GrO, GO, TRGrO, TRGO1, 

TRGO2 and TRGO3) and pristine graphite (control biosensor) have been investigated on 

a base of carbamide hydrolysis reactions catalysed by urease based biosensor. Urease 

catalyses the hydrolysis of carbamide to yield ammonia and carbamic acid, which 

spontaneously decomposes into carbonic acid and second ammonia molecule [50]. 

Previous studies [51] have shown that carbon black (CB) and immobilized urease based 

biosensor exhibits three different actions, which depend on the applied CB electrode 

potential. At low potentials (0 – 0.1 V) of working electrode, one-electron electrochemical 

oxidation of carbamic acid can be monitored, meanwhile, at 0.2 – 0.5 V electrode 

potentials, the electro-oxidation of carbamic acid and 

hydrazine were observed [51]. Thus, we assume that in 

our system, the principle of detection of carbamide is 

based on the direct carbamic acid oxidation (DCAO). As 

shown in Figure 8.1., urease catalyses the hydrolysis of 

carbamide to form carbamic acid and ammonia [50]. 

Electrochemical measurements were carried out by 

applying an electrode potential of 0.2 V at which the 

Fig. 3.8 The principle of 

DCAO on carbonaceous 

materials surface, E = 0.2 V 
vs. Ag/AgCl. 

 



26 

carbamic acid oxidizes by generating anodic current, correlating to carbamide 

concentration. 

3.2.2.1 Examination of GOPs and TRGrO based systems 

Aiming to test the ability for successful DCAO on the surface of synthesized 

materials, a set of biosensors with different carbonaceous materials has been designed. 

Primarily, the carbamide biosensors were designed by mechanically attaching and fixing 

membrane with immobilized urease on the surface of electrode containing GrO, GOPs, 

TRGrO or graphite (control biosensor). As in the PQQ-GDH case, the GrO based 

biosensor did not show any response to the substrate. DCAO were observed on the 

electrodes in all systems consisting GOPs, TRGrO and graphite. The kinetic parameters 

(𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 and 𝐾𝑀
𝑎𝑝𝑝

) and inactivation of biosensors are summarized in Fig. 3.9. 

 

 

 

 

 

 

Fig. 3.9 Kinetic characteristics (A) and stability (B) of carbamide biosensors based on 

immobilized urease on GOPs, TRGrO or graphite surface measured under standard 

conditions.  

From the graph above we can see that the highest DCAO efficiency exhibited 

biosensor using TRGrO as electrode material (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 = 37.1 ± 0.6 µA·cm-2). This material 

has the highest SBET (235.8 ± 1.1 m2·g-1), the largest amount of the oxygen containing 

functional groups and the smallest size of particles (dav = 11 nm, hav = 0.5 nm) (Table 3.2) 

compared to GOPs and graphite. The lowest efficiency (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 = 4.8 ± 1.0 µA·cm-2) of 

DCAO was observed on the surface of graphite containing electrode which was eight times 

lower compared to TRGrO contained biosensors. This DCAO action on the graphite 

surface shows that amount of oxygen containing functional groups doesn't play a crucial 

role in the DCAO on the surface of carbonaceous material. Nevertheless, 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 for others 

GOP1, GOP2, GOP3, GOP4 and GOP5 containing carbamide biosensors (8.1 ± 0.1, 11.0 
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± 0.6, 7.4 ± 0.2, 8.7 ± 0.1 and 8.5 ± 0.5 µA·cm-2, respectively) are higher compared to 

graphite based biosensor. The BET analysis reveals that SBET of GOPs (7.6 ± 0.06 – 10.08 

± 0.06 m2·g-1) are smaller than graphite (13.1 ± 0.04 m2·g-1). These results suggest that 

electrode surface area also doesn't play crucial role in the DCAO. The AFM data shows 

that dav of GOPS are smaller, while hav of GOPS are higher than those of graphite (Table 

3.2). The Raman spectroscopy data revealed that all GOPs have highest amount of defects 

compared to graphite (Fig. 3.1 B) and have basic functional groups on its surface (Table 

3.1 and Fig. 3.1 A). The linear correlation between these characteristics of carbonaceous 

materials and 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 of biosensor was not found. For this reasons, we suggest that efficiency 

of DCAO on electrode surface depends not only on one characteristic of carbonaceous 

materials but it is influenced by the whole set of characteristics. 

The carbamide biosensors based on all synthesized materials exhibited higher 𝐾𝑀
𝑎𝑝𝑝

 

value compared to that of native enzyme (1.8 mM [52]) (Fig. 3.9 A). Higher 𝐾𝑀
𝑎𝑝𝑝

 values 

indicate a diffusion mode of action of the biosensor [21]. It was also observed (as in the 

PQQ-GDH case) that carbonaceous materials, obtained from the sonified graphite raw 

material (GOP2 and GOP4), exhibit lower 𝐾𝑀
𝑎𝑝𝑝

 values in comparison with the samples, 

obtained using as-purchased graphite raw material. The clear correlation between 𝐾𝑀
𝑎𝑝𝑝

 of 

biosensors and characteristics of carbonaceous materials also was not found.  

The operational stability of the biosensors, designed using GOPs, TRGrO or graphite 

and urease, was investigated within 400 h. The responses to the 2.9 mM carbamide were 

periodically recorded at a working potential of 0.2 V in phosphate buffer solution. The 

inactivation data of biosensors are presented in Fig. 3.9 B. kin for DCAO based carbamide 

biosensors were calculated. As can be seen in the Fig. 3.9 B, the inactivation process of 

carbamide biosensors with TRGrO, GOP2, GOP4 or GOP5 electrode materials can be 

divided into the faster (up to 24 h) and the slower steps (to 24 h). Faster inactivation 

process of biosensor can be attributed to leaching of the urease from the electrode surface 

between measurements. Meanwhile, sensitivity of GOP1 or GOP3 based biosensors 

decreases linearly beginning from the first measurement. The calculated kin for different 

carbonaceous materials based biosensors were following: 21.0 ± 3.7·10-4 h-1 (GOP1), 13.7 

± 0.8·10-4 h-1 (GOP2), 14.8 ± 2.9·10-4 h-1(GOP3), 15.9 ± 1.6·10-4 h-1(GOP4), 17.5 ± 2.1·10-

4 h-1 (GOP5) and 11.6 ± 1.2·10-4 h-1 (TRGrO). It is evident that the TRGrO based biosensor 
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exhibited the lowest kin values, while the GOP based biosensor – the higher kin values. The 

TGA and titrimetric analyses (Fig. 3.1 A and Table 3.1) revealed that TRGrO has the 

largest amount of the oxygen containing functional groups, while GOP1 has the lowest 

amount of the oxygen containing functional groups, which participate in DCAO. It has 

been reported that low concentrations of hydrophobic organic solvents unfold (process of 

denaturation) urease due to hydrophobic interaction [53]. This confirms our findings that 

the highest kin value was obtained at the biosensor with the most hydrophobic surface – 

GOP1, while, the lowes kin values was obtained at the biosensor with the most hydrophilic 

surface – TRGrO. 

3.2.2.2 Examination of TRGO fractions based systems  

Results obtained using PQQ-GDH or urease based biosensor showed (see chapters 

3.2.1 and 3.2.2.1), that the TRGrO based systems exhibited the highest efficiency. Taking 

this into account, the new thermal reduction method of graphene oxide was proposed. This 

method allowed to separate and collect different fractions of thermally reduced graphene 

oxide (TRGO1, TRGO2 and TRGO3) with different physicochemical properties. The 

structural characteristics and surface morphologies of TRGO fractions have been 

evaluated (see chapter 3.1.2). Three different fractions of TRGO were tested as electrode 

materials for carbamide amperometric biosensors. The DCAO on the surface of electrode 

was achieved with all TRGO fractions. The dependence of the current density on 

carbamide concentration is shown in Fig. 3.10, where the inset presents the current-time 

responses to 3 mM of carbamide. The biosensors characteristics such as linear range, 

sensitivity, 𝐾𝑀
𝑎𝑝𝑝

, 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 and LOD are summarized in Table 3.5. 

  

 

 

 

 

 

 

 

Fig. 3.10 Dependence of steady-state current 

density (j) on carbamide concentration and 

linear part of curves measured under 

standard conditions, the inset shows current-
time responses to 3.0 mM of carbamide. 
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Table 3.4 Characteristics of TRGO fractions and urease based carbamide biosensors. 
Biosensor 

material 

Linear range, 

mM 

Sensitivity, 

μA·mM-1·cm-2 

R2 𝑲𝑴
𝒂𝒑𝒑

, 

mM 

𝒋𝒎𝒂𝒙
𝒂𝒑𝒑

, 

μA·cm-2 

LOD, 

mM 

Graphite rod 1.9 - 12.0 0.04 ± 0.002 0.9899 10.1 ± 0.5 0.89 ± 0.02 1.9 

GO No response 

TRGO1 0.26 - 12.0 5.4 ± 0.1 0.9907 11.4 ± 0.8 117.6 ± 3.5 0.26 

TRGO2 0.15 - 12.0 4.5 ± 0.1 0.9976 12.3 ± 0.5 106.8 ± 1.91 0.15 

TRGO3 0.15 - 17.9 3.3 ± 0.1 0.9900 13.8 ± 0.8 92.3 ± 2.7 0.15 

From the data in Fig. 3.10 and Table 1 it can be seen that the TRGO1 based biosensor 

exhibits the highest DCAO effectivity (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 = 117.6 ± 3.5 μA·cm-2). The 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 of TRGO2 

or TRGO3 based systems were lower (106.8 ± 1.9 and 92.3 ± 2.7 μA·cm-2 respectively). 

Nevertheless, the efficiencies of these biosensors were almost three times higher compared 

to TRGrO based biosensor, ten times higer compared to GOPs based biosensors and more 

than a hundred times higher than the control graphite rod biosensor (Fig. 3.9 A). The 

largest amount of the oxygen containing functional groups (Fig. 3.3) and the higher SBET 

of TRGO fractions compared to GOPs and TRGrO, could result in the higher efficiencies 

of DCAO. In our opinion, the crucial factor for efficiency of DCAO is the amount of 

oxygen-containing functional groups: TRGO1 SBET is one and a half time lower than that 

of TRGO3 and more than twice lower than that ofTRGO2 (Table 3.3), but this fraction 

has higher amount of oxygen functional groups compared to TRGO3 and TRGO2 (1.4 % 

and 1.2 %, respectively) (Fig. 3.3 inset). Considering this, DCAO can occur most 

effectively on this fraction surface. Other correlations between 𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 and characteristics of 

TRGO fractions were not found. 

Sensitivity of the biosensors was defined as the slope of the linear range of calibration 

curve (Fig. 3.10). The determined values of the sensitivity are higher than others 

carbamide biosensors, based on pH level measurements [54, 55] and the same order [56] 

or slightly lower [57] than carbamide biosensors, based on NH4
+ selective electrode. It was 

observed that the LOD of carbamide for the TRGO1 based biosensors was 0.26 mM, for 

TRGO2 and TRGO3 based biosensors was 0.15 mM and for the control biosensor was 1.9 

mM (Table 3.5). 

The inset in Fig. 3.10 A compares the dynamics of the response for carbamide using 

different electrode materials. It is clearly seen that the biosensors have a different response 

time (Fig. 3.18 inset): 90 % of the steady-state current was achieved after 9.5 s, 11.4 s, 

23.2 s and 56.0 s from the beginning of the bioelectrocatalysis process for the biosensors 

with TRGO1, TRGO2, TRGO3 and graphite, respectively. Thus, the highest reaction rate 
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is observed for the system with TRGO1 and the slowest - with graphite. These differences 

may indicate different mechanisms of catalysis determined by different surface 

characteristics of TRGO fractions. In our opinion, the main characteristics determining the 

highest rate of DCAO are the amount of oxygen-containing functional groups (which is 

able to facilitate the process of ET) and the structure of carbonaceous materials. Graphite 

has a crystalline structure, certain ordered structure exists in the case of TRGO2 and 

TRGO3, while amorphous structure prevails in the case of TRGO1 (XRD data; Fig. 3.5 

A). In fact, the electrical conductivity of graphite is highly anisotropic [58], while 

amorphous carbon is completely isotropic [59]. These structural and electrical differences 

could result in ET rates through electrode materials to final acceptor. 𝐾𝑀
𝑎𝑝𝑝

 values for 

bioelectrocatalytic systems with TRGO fractions and graphite (Table 3.4) confirm these 

suggestions. In general, higher 𝐾𝑀
𝑎𝑝𝑝

 value in comparison to the value obtained in the 

solution of native enzyme (1.8 mM [52]) indicates that the significant diffusion barrier is 

between the sample and the reaction layer [21]. Meanwhile, the TRGO fractions based 

biosensors exhibited the higher 𝐾𝑀
𝑎𝑝𝑝

 values compared to those of TRGrO or GOPs based 

biosensors (Table 3.4 and Fig. 3.9 A). This confirms a diffusion mode of action of the 

biosensor [21]. In our opinion, the largest amount of the defects (Fig. 3.5 B) and the higher 

SBET (Table 3.3) of TRGO fractions compared to GOPs and TRGrO (Fig. 3.1 B and Table 

3.2) results in higher diffusion barrier and 𝐾𝑀
𝑎𝑝𝑝

 value. 

The operational stability of the biosensors designed using TRGO fractions or 

graphite and urease are presented in Fig. 3.11. 

0 50 100 150 200 250 300 350

4.0

4.4

4.8

5.2

5.6

6.0

6.4

6.8

7.2

0 50 100 150 200 250
1.4

1.6

1.8

2.0

L
n
 (
I,
 n

A
)

t, h

TRGO1, k
in
= 10.5 ± 3.8 * 10

-4
 h

-1

TRGO2, k
in
= 0.3 * 10

-4
 h

-1

TRGO3, k
in
= 3.0 ± 1.3 * 10

-4
 h

-1

        Graphite, k
in
 = 27.5 ± 3.5 * 10

-4
  h

-1
 

L
n

 (
I,
 n

A
)

t, h

 

The calculated kin for different carbonaceous materials based biosensors were 

following: 10.5 ± 3.7·10-4 h-1 (TRGO1), 0.3·10-4 h-1 (TRGO2), 3.03·10-4 h-1 (TRGO3) and 

Fig. 3.11 Stability of carbamide 

biosensors based on immobilized 

urease on TRGO fractions or graphite 

(inset) surface measured under 
standard conditions.  
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27.5 ± 3.5·10-4 h-1 (graphite). As can be seen the Fig. 3.11, the inactivation process of 

carbamide biosensors with TRGO2 electrode can be divided into the faster (up to 24 h) 

and the slower stages (to 24 h). Nevertheless, after 24 h, this biosensor exhibited the 

slowest inactivation process compared with other biosensors. Meanwhile, sensitivity of 

TRGO1 or TRGO2 materials based biosensors decreases linearly beginning with the first 

measurement. Graphite based biosensor exhibited the highest inactivation rate because the 

graphite is the most hydrophobic material and due to this the urease inactivation on this 

surface was more pronounced. In our opinion, the sensitivity of biosensors also decreased 

due to oxygen containing functional groups reduction during the experiment. In the 

literature [51] it was highlighted that hydrazine can be produced by the electro-oxidation 

reaction of carbamic acid. This compound is known as one of the best reducer of 

carbonaceous materials [26]. Thus, hydrazine can reduce the oxygen groups, which take 

part in the DCAO, on TRGO fractions surface, causing the sensitivity of biosensors to 

decrease. 

3.2.3 Examination of TRGO fractions and FDH based reagentless systems 

D-fructose is an important sugar widely used as a low-cost sweetener by the food 

and beverage manufacturers. It is widely distributed and can be found in fruit juices, 

honey, soft and energy drinks as well as in processed and diabetic food. Therefore, it is an 

important analyte in the food industry. However, excessive and prolonged consumption of 

D-fructose may lead to the development of metabolic disorders: renal and non-alcoholic 

fatty liver diseases, metabolic syndrome, obesity, diabetes and others [60 – 64]. Thus, this 

metabolite is also relevant for clinical diagnostics and has to be controlled in daily intake. 

It is obvious that that food quality control is essential both for consumer protection and for 

food industries. Conventional methods for D-fructose analysis are based on 

chromatography, spectrophotometry, electrophoresis and titration [65, 66]. Unfortunately, 

these methods do not allow an easy and rapid monitoring since they require relatively 

expensive instrumentation and well trained operators; moreover, they often include a time-

consuming sample pre-treatment [67]. Therefore a vital step in food research, as well as 

in industry of medical devices for personal use is needed to develop a simple, fast and 

sensitive method for the determination of D-fructose. 
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Aiming to test the ability for successful DET between TRGO and FDH, a set of 

biosensors with different fractions of the TRGO, GO and unmodified graphite has been 

designed. The GO based biosensor did not show any response to the analyte. Unmodified 

graphite was used in the design of control electrode. DET was observed between the FDH 

and the electrode surface in all systems using TRGO fractions. The dependence of the 

current density on D-fructose concentration is shown in Fig. 3.12  where the insert presents 

the current-time responses to 2.2 mM of D-fructose. Main characteristics of the biosensors 

are summarized in Table 3.5. 

 

 

 

   

 

 

 

Fig. 3.12 Dependence of steady-state current density (j) on D-fructose concentration and 

linear part of curves measured under standard conditions, the inset shows current-time 

responses to 2.2 mM of D-fructose (A). DET between active site of FDH and electrode 

using TRGO fractions, E = 0.4 V vs. Ag/AgCl (B). 

Table 3.5 Characteristics of D-fructose biosensors. 
Biosensor 

materials 

Linear range, 

mM 

Sensitivity, 

μA·mM-1·cm-2 

R2 𝑲𝑴
𝒂𝒑𝒑

, 

mM 

𝒋𝒎𝒂𝒙
𝒂𝒑𝒑

, 

μA·cm-2 

LOD, 

mM 

Graphite 0.7 – 8.8 0.7 ± 0.02 0.9952 15.1 ± 1.0 21.5 ± 0.6 0.7 

GO No responce 

TRGO1 0.7 – 8.8 14.5 ± 0.5 0.9947 9.5 ± 0.4 335.2 ± 6.1 0.7 

TRGO2 0.7 – 8.8 9.5 ± 0.5 0.9937 12.9 ± 2.1 236.9 ± 14.4 0.7 

TRGO3 0.6 – 8.8 5.7 ± 0.2 0.9949 10.1 ± 0.2 125.4 ± 1.2 0.6 

As can be seen in Fig. 3.12 A, the DET was achieved in all systems. This effect is 

most probably due to that the FDH contains a heme c, which can act as an intrinsic electron 

transfer mediator. It is known that in a case of DET, the substrate D-fructose reacts with 

the PQQ of the FDH; further, the reduced cofactor reacts with the heme c, and finaly, the 

reduced heme c transfers the electrons to the electrode without the use of an additional 

external mediator. Schematically, the involvement of the enzymes in the DET can be 

represented as shown in a case of FDH in Figure 3.12 B. However, different TRGO 

fractions used in the role of electrode materials for D-fructose biosensors have developed 

different DET efficiency. The TRGO1 based system exhibited the highest sensitivity to 

A B 
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D-fructose while the TRGO3 using system was characterized by the lowest one (Table 

3.5). The achieved high values of the sensitivity are the same order as for the other D-

fructose sensors based on synergistic mediated processes (10 or 15 μA·mM−1·cm−2) [66, 

68]. Obtained high current densities (Table 3.5) are beneficial not only for the bioanalytical 

purposes but also for the application of FDH-TRGO system in biofuel cells. Noteworthy 

that the sensitivity to D-fructose of biosensor based on unmodified graphite electrode was 

10 times less, as compared with biosensors using TRGOs. It was observed that the LOD 

of D-fructose for the biosensors based on TRGO1, TRGO2 and TRGO3 were of 0.7 mM 

and for the graphite based biosensor was of 0.6 mM (Table 3.5). 

It is known that the proper spatial orientation of the FDH on the electrode surface 

plays a crucial role for the direct heterogeneous electron transfer reactions [69]. Since the 

heme c is a hydrophobic moiety with a high affinity for adsorption on the electrode surface 

[70], this can affect the spatial orientation of the FDH. As can be seen in Fig. 3.12 A, the 

TRGO1 based system showed the highest DET sensitivity. The TGA and elemental 

analysis revealed that the TRGO1 has the largest amount of the oxygen containing 

functional groups that weigh significantly the orientation of enzyme and accelerate the ET 

from the active site of the FDH to the electrode. The surface of TRGO1, compared to that 

of TRGO2 and TRGO3, is the most hydrophilic due to the largest amount of oxygen-

containing functional groups. Thus, when the nonionic surfactant Triton X-100 was used 

for the pretreatment of the biosensor electrode surface, the hydrophilic polyethylene oxide 

chains were directed toward the surface of TRGO1 while the lipophilic aromatic 

hydrocarbon groups were directed toward the opposite site. Taking into account the 

hydrophobic nature of the heme c, the FDH enzyme has to be properly situated on the 

surface pretreated with Triton X-100. Consequently, the biosensor based on TRGO1 

fraction exhibited the highest sensitivity notwithstanding the lowest SBET (Table 3.3). 

The inset in Fig. 3.12 A compares the dynamics of the response for D-fructose using 

different electrode materials. It is clearly seen that the systems have a different response 

time: 90 % of the steady-state current was achieved after 100, 174 and 137 s from the start 

of the bioelectrocatalysis process for the biosensors using TRGO1, TRGO2 and TRGO3, 

respectively. Thus, the highest reaction rate is observed for the system with TRGO1; the 

slowest – with TRGO2. These differences may indicate different mechanisms of catalysis 

determined by different surface characteristics of TRGO fractions. This suggestion 
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confirms 𝐾𝑀
𝑎𝑝𝑝

 values obtained for bioelectrocatalytic systems using TRGO fractions and 

graphite (Table 3.5). In general, higher value of 𝐾𝑀
𝑎𝑝𝑝

 in comparison to the value of native 

enzyme obtained in solution (5 mM) [71] indicates that the significant diffusion barrier is 

present between the sample and the reaction layer [21]. The biosensor using TRGO2 

exhibited slowest response and highest 𝐾𝑀
𝑎𝑝𝑝

 value (12.9 mM) compared with graphite, 

TRGO1 and TRGO3. The BET analysis revealed that TRGO2 powder had the highest 

SBET with the largest dav of pore (Table 3.3). Supposedly, such size of pores led to the deep 

adsorbtion of FDH that complicates the diffusion of the substrate and the product to and 

from the active site of FDH and the surface of electrode. TRGO2 powder had the highest 

amount of defects (Raman spectra; Fig. 3.5 B) and the highest surface area (Table 3.3). 

However, it is obvious that the surface area does not play any crucial role in the efficiency 

of DET. The sensitivity data revealed that the highest DET rate was achieved between 

FDH and electrode surface using TRGO1 (Table 3.5). In our opinion, the crucial factor for 

the highest efficiency of DET was the relevant amount of oxygen-containing functional 

groups able to entail a proper spatial orientation of FDH. In that case, the ET in the 

operation of the biosensor with TRGO1 is not retarded by diffusion limits, as it is in the 

case of TRGO2. Moreover, the TRGO1 has a small concentration of defects, which 

facilitate electron transport in a single layer of graphene. The highest value of 𝐾𝑀
𝑎𝑝𝑝

 (Table 

3.5) was obtained in a case of bioelectrocatalytic system using graphite. The pristine 

graphite is characterized by the certain ordered structure (XRD data; Fig. 3.5 A), relatively 

high conductivity and small pore width. Supposedly, this crystalline structure without any 

functional groups is not favorable for proper FDH spatial orientation, which impedes the 

ET. 

3.2.3.3 Stability of D-fructose biosensors  

The operational stability of the biosensors was tested by consecutive measurements 

of the current response to a 4.4 mM D-fructose solution. Inactivation constants (kin) for 

direct bioelectrocatalysis were calculated. The inactivation data of biosensors, based on 

adsorbed FDH on TRGO fractions surface, are presented in Figure 3.13 A  
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Fig. 3.13 Stability of D-fructose biosensors, based on adsorbed FDH on TRGO fractions 

surface (A), and stability of different ways immobilized FDH on TRGO1 surface measured 

under standard conditions (B), the inset shows the sensitivity to 4.4 mM D-fructose 

obtained for each immobilization procedure first day after immobilization. 

As it can be seen from the Fig. 3.13, the inactivation process of D-fructose biosensors 

with different fractions of TRGO can be divided into the faster (kin
1 from 36.1 ± 4.1·10-3 

h-1 to 43.4·10-3 h-1) and the slower (kin
2 from 10.6 ± 0.4·10-3 h-1 to 16.3 ± 1.4·10-3 h-1) stages 

characterized by the different kin. The TRGO3 based biosensor shows the highest stability. 

Nevertheless, after a period of 5 days, the sensitivity of all biosensors decreased by 90%. 

This result can be attributed to the thermal inactivation [71] and leaching of the FDH from 

the electrode surface between measurements at 20 ºC temperatures. Aiming to stabilise the 

operation of biosensor, the FDH was immobilized on the most sensitive electrode 

(TRGO1) of biosensor in four different ways: using BSA and glutar-aldehyde vapour (Im-

FDH1), PEI and glutar-aldehyde vapuor (Im-FDH2), only glutar-aldehyde vapour (Im-

FDH3) and poly(urethane-urea) (PUU) microparticles (Im-FDH4 – this immobilization 

was performed in VU ChGf Department of Polymer Chemistry). 

The inactivation data of biosensors based on immobilized FDH on TRGO1 surface 

are presented in Fig. 3.13 B. These results suggest that in all cases of FDH immobilization, 

the biosensors stability increases from 3 to 7 times (kin from 5.6 ± 0.5·10-3 h-1 to 2.3 ± 

1.8·10-3 h-1) campared to adsorbed FDH on TRGO1 surface (kin
2 = 16.3 ± 1.4·10-3 h-1). 

Furthermore, inactivation processes of biosensors with imobilized FDH are characterized 

by one-stage. Nevertheless, it was found that FDH loses more than 80 % of the activity 

during immobilisation process in comparison to adsorbed FDH on TRGO1 surface (Fig. 

3.13 B inset). In the Fig. 3.13 B inset we can see that the Im-FDH3 immobilized FDH had 

the highest residual activity (18 %). Moreover, after a period of 5 days, sensitivity of this 
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biosensor decreased by a less than 20 %. The obtained result should be considered as rather 

positive, comparable to that reported by Yabuki et al. [72], where the response magnitude 

after two hours from the preparation of the electrode became about the half of its initial 

value. The results on storage stability were reviewed by Bisccay et al. [66]. The best results 

showed that the biosensors can be stored approximately for 30 – 60 days, though, the 

storage temperature is −20 °C. Thus, we can conclude that the Im-FDH3 immobilized 

FDH and TRGO1 based biosensor displays a good stability and can be applied for D-

fructose and D-tagatose determination. 

3.3 Application of reagentless biosensors for analysis of real samples 

3.3.1 Application of TRGO2 and urease based biosensor for detection of carbamide  

Aiming to evaluate the concentration of carbamide in dialysate during HD procedure 

a new cabamide biosensor has been fabricated using TRGO2 and urease (see chapters 2.5 

and 2.5.1). The new biosensor after addition of carbamide into electrochemical cell shows 

substrate-dependent anodic response. The response was measured as a difference between 

the steady state and the background current. The carbamide calibration curve with marked 

linear range and main characteristics of the biosensor are shown in Figure 3.14. 

 

 

 

 

 

 

 

 

From the graph above we can see that characteristics of new biosensor (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 = 122.2 

± 7.8 µA·cm-2, 𝐾𝑀
𝑎𝑝𝑝

 = 11.6 ± 1.3 mM, sensitivity – 5.3 ± 0.03 μA·mM-1·cm-2 and linear 

range – up to 12.0 mM) are similar to those shown in Table 3.4. This show that we were 

able to reiterate production of biosensors. 

The amperometric biosensor has been tested for carbamide measurements in 

dialysate as well. Aiming to validate responses of the biosensor measurements, the 

samples of dialysate in parallel were examined at the Vilnius University Hospital (VUH) 

Fig. 3.14 The carbamide calibration 

curve, the linear range (black line) and 

main characteristics obtained using 

the biosensor based on TRGO2 and 

urease measured under standard 

conditions. 
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Santariskiu Clinics Laboratory of Biochemistry with ARCHITECT plus ic8200 (Abbott) 

analyzer. The testing has been carried out by investigating dialysate of eight patients 

during HD procedure. Data obtained by both methods are presented in Table 3.6. 

Table 3.6 Comparison of carbamide concentration obtained in dialysate using the 

amperometric biosensor and in the VUH Santariskiu Clinics Laboratory of Biochemistry. 
 Concentration of carbamide in dialisate, mM 

Nr. Amperometric biosensor VUH Laboratory of Biochemistry 

1 5.4 ± 0.1 4.8 

2 3.8 ± 0.3 3.8 
3 3.2 ± 0.1 2.9 

4 2.6 ± 0.3 2.7 

5 6.8 ± 0.1 6.6 

6 5.7 ± 0.1 5.7 

7 3.8 ± 0.2 3.7 

8 2.4 ± 0.1 2.3 

The results obtained with the amperometric biosensor were plotted versus the results 

obtained in the VUH Laboratory of Biochemistry are presented in Figure 3.15. 

 

 

 

 

 

 

 

As it can be seen from the data in Fig. 3.15, that the correlation coefficient (rxy) 

between data obtained using biosensor and the data obtained in Laboratory of 

Biochemistry was 0.9912. This indicates excellent agreement between the two methods. 

The slope of the correlation was 1.028, indicating that the amperometric biosensor 

provided slightly higher results than those obtained in the VUH Santariskiu Clinics 

Laboratory of Biochemistry. These findings suggest that in general the biosensor based on 

TRGO2 and urease generate correct response to carbamide in dialisate during HD 

procedure. 

3.3.2 Application of TRGO1 and FDH based biosensor for detection of D-fructose 

and D-tagatose 

Primarily, the Im-FDH3 imobilized FDH and TRGO1 based biosensor have been 

tested for D-fructose measurements in fresh and heat treated apple and orange juices. For 

Fig. 3.15. Correlation between 

carbamide concentration obtained in 

dialysate using the amperometric 

biosensor and in the VUH Santariskiu 

Clinics Laboratory of Biochemistry. 
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this purpose, 5 µl of undiluted juices were added to the electrochemical cell containing 0.9 

ml of buffer solution and the concentration of D-fructose was calculated using calibration 

curve. It was found that theses beverages contain of 16.3 ± 0.4 g/100 ml, 8.6 ± 0.3 g/100 

ml, 13.7 ± 0.2 g/100 ml and 12.4 ± 0.2 g/100 ml of D-fructose, respectively. These results, 

showing that the proposed biosensor can be used for D-fructose measurements in popular 

beverages. 

FDH is known as highly selective for D-fructose, but in this study we used this 

enzyme for D-tagatose detection. Evaluation of the total amount of D-tagatose in industrial 

products is very important for their quality. Also, it is very important for D-tagatose 

biosynthesis monitoring. Conventional methods for the D-tagatose analysis are based on 

chromatography [73] and spectrophotometry [74]. Unfortunately, these methods do not 

allow an easy and rapid monitoring, since they require relatively expensive 

instrumentation and well trained operators; moreover, they often include a time-

consuming sample pre-treatment. Amperometric biosensors offer a promising alternative 

for the conventional methods. They have great potentials because of their high sensitivity, 

easier instrumentation, rapid (real-time) detection, low cost and ability to be used in turbid 

fluids with optically absorbing and fluorescing compounds. For this reason, amperometric 

biosensors are promising in development of simple and portable equipment. 

D-tagatose is ketohexose having a structure similar to D-fructose, except for the 

orientation of the hydroxyl group on carbon 4 [75, 76]. Due to this reason, in this study 

we employ FDH as D-Tagatose biosensor recognition element. In this work we applied 

TRGO1 and immobilized FDH based amperometric biosensor for D-tagatose detection in 

D-galactose bioconversion into D-tagatose reaction mixture. 

Reactor for synthesis of D-tagatose was designed using termophilic L-arabinose 

isomerase (TAI) from Geobacillus lithuanicus 5 (obtained from VU GMC BchI 

Department of Molecular Microbiology and Biotechnology), which catalyses 

bioconvertion of D-galactose to D-tagatose. The production process of D-tagatose was 

carried out in thermostatically isolated reactor (volume 9 ml) at 50 °C in a stirred K-

phosphate buffer solution (pH = 7.5) containing 444.4 mM D-galactose. TAI has been kept 

in dialysis bag in the middle of reactor. During biosynthesis, the samples were taken every 

10 h until 50 h to determine the concentrations of D-tagatose. 
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Aiming to test the ability of FDH to catalyse the oxidation of D-tagatose to 5-keto-

D-tagatose, FDH has been immobilized onto TRGO1 surface according to Im-FDH3 

protocol. The responses of the manufactured biosensor to D-fructose and D-tagatose were 

measured as a difference between the steady state current and the background current. 

DET was observed between the FDH and the electrode surface in both cases. Dependences 

of experimentally measured steady-state currents on D-fructose and D-tagatose 

concentrations are presented in Fig. 3.16 A. Obtained dependences have been fitted by 

hypherbolic Michaelis-Menten eq. (1). 

 

 

 

 

 

 

 

  

Fig. 3.16 Dependences of steady-state current density on D-fructose and D-tagatose 

(inset) concentrations measured under standard conditions (A) and current time responses 

to D-galactose and D-tagatose, the inset shows signal reproducibility of biosensor to 11.0 

mM D-tagatose in a stirred K-phosphate buffer solution of pH 7.5 (B). 

In the figure above we can see that the immobilized FDH onto TRGO1 surface 

catalyses D-fructose oxidation effectively (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝 

 = 153.0 ± 1.7 μA·cm-2), while the direct 

bioelectrocatalysis of D-tagatose by immobilized FDH is not very effective (𝑗𝑚𝑎𝑥
𝑎𝑝𝑝

 = 3.0 ± 

0.3 μA·cm-2). Further analysis showed that the response to 4.4 mM D-tagatose in 

comparison with response to 4.4 mM D-fructose (which was taken as 100%.) is 0.33 ± 

0.08 %.  

It was determined, that the 𝐾𝑀
𝑎𝑝𝑝

 value of D-tagatose biosensor was almost eight 

times higher than that of D-fructose. These results suggest that FHD, imobilised onto 

TRGO1 surface, binds the D-tagatose very weakly in comparison to D-fructose. Thus, 

determination of D-tagatose by biosensor, based on immobilized FDH onto TRGO1 

surface is possible with the condition, that the analysis medium doesn't include D-fructose. 

The purpose of the present study was to apply amperometric biosensor based on 

immobilized FDH onto TRGO1 surface, for D-tagatose detection in D-galactose 
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bioconversion into D-tagatose reaction mixture and to compare biosensor results with 

those obtained from spectrophotometric analyses. D-galactose bioconversion occurred in 

K-phosphate buffer solution of pH 7.5. In fact, optimal pH of the native FDH is 4.5 and 

any change of this pH value decreases its activity [71]. For this reason, we tested the 

sensitivity, selectivity and reproducibility of the signal of the biosensor in this medium. 

The changes of sensitivity were evaluated by measuring amperometric current time 

responses to 4.4 mM D-fructose and D-tagatose in McIlvaine buffer solution of pH 4.5 

and in K-phosphate buffer solution of pH 7.5. A set of three biosensors designed in a same 

manner, was employed for the detection of D-fructose and D-tagatose in the same 

conditions. It was found, that residual activity of FDH to D-fructose in K-phosphate buffer 

solution is 37.84 ± 2.72 % (the responses to D-fructose in McIlvaine buffer solution was 

taken as 100%). Meanwhile, the response to D-tagatose in comparison with response to 

D-fructose (which was taken as 100 %.) in K-phosphate buffer solution is 1.93 ± 0.47 %. 

The presented results show, that the specificity of imobilised FDH to D-tagatose depends 

on the pH of the medium. 

The selectivity of the prepared biosensor was studied toward determination of D-

tagatose. For this purpose, the influence of D-galactose on the determination of D-tagatose 

was investigated. Fig 3.16 B. shows amperometric current time responses of the biosensor 

for D-tagatose in the presence of D-galactose in K-phosphate buffer solution.  

As can be seen in Fig 3.16 B, no response is observed for biosensor in the presence 

of different concentrations of D-galactose. Meanwhile, the fast response of the biosensor 

towards D-tagatose can be achieved within hundreds of seconds after addition of D-

tagatose. Furthermore, the biosensor response to D-tagatose did not changed after adding 

D-galactose. In order to check the reproducibility of biosensor signal a series of 

measurments in K-phosphate buffer solution were made for the detection of 11 mM D-

tagatose within 300 min (Fig. 3.16 B inset). The relative standard deviation of the 

measurements of responses was of 5.6 %, which suggests a good reproducibility of the 

proposed electrode. 

The adopted amperometric biosensor was applied for the analysis of D-galactose 

bioconversion into D-tagatose reaction mixture. Five samples of reaction mixture were 

analysed using standard addition method. The amounts of D-tagatose were obtained 

comparing the current time responses in the presence and in the absence of standard. D-
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tagatose amount from two different measurements were averaged and summarized in 

Table 3.7. The same samples of reaction mixture were also analysed using the 

spectrophotometric analysis. The spectrophotometric analysis results of D-tagatose 

compared with results obtained using amperometric biosensor are presented in Table 3.7. 

Table 3.7 Comparison of the amount of D-tagatose, determined by using the 

amperometric biosensor and spectrophotometric analysis. 
 Amount of D-tagatose, mM 

t, h Amperometric biosensor Spectrophotometric analysis 

0 0.0 0.0 

10 36.3 ± 1.2 36.7 

20 63.6 ± 3.8 54.3 

30 81.7 ± 2.8 80.0 

40 87.2 ± 6.4 92.9 

50 93.5 ± 2.9 95.3 

As can be seen in the Table 3.7, bioconversion reaction yield of 21 % was achieved 

at 50 h. The results obtained with the amperometric biosensor were plotted versus the 

results obtained with the spectrophotometric analysis and presented in Figure 3.17. 

 

 

 

 

 

 

The correlation coefficient (rxy) between biosensor and spectrophotometric analysis 

data of the same mixture was of 0.9974. This indicates excellent agreement between the 

two methods. The slope of the correlation was of 0.9978, which indicates, that results, 

determined using the amperometric biosensor, are slightly lower than those of 

spectrophotometric analysis. These findings suggest that, in general, the FDH and TRGO1 

based biosensor generates correct response to D-tagatose in D-galactose bioconversion 

into D-tagatose reaction mixture. 

 

Fig. 3.17 Correlation between amounts of 

D-tagatose, obtained by using the 

amperometric biosensor and 

spectrophotometric analysis in D-galactose 

bioconversion into D-tagatose reaction 
mixture. 
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4 CONCLUSIONS 

1. Nine carbonaceous materials possessing beneficial properties towards direct 

electron transfer (DET) were synthesized using graphite oxidation by H2O2 or 

K3[Fe(CN)6] in alkaline media (GOP(1 – 4)), enzymatic graphite oxidation by 

laccase from Coriolopsis byrsina (GOP5) or thermal reduction of graphite oxide 

(TRGrO) and by newly proposed thermal reduction and fractionalization system 

of graphene oxide (TRGO1, TRGO2, TRGO3). 

2. The analysis of synthesized carbonaceous materials by eight different methods, 

reveald that all materials had included oxygen-containing functional groups which 

varied from 0.108 to 5.222 mmol·g-1 for GOP1 and GrO, respectively. Materials 

have different structures: GO – crystalline, while TRGO – amorphous but all of 

them were of nanometric size, which dav ranges from 11 to 62 nm and hav ranges 

from 0.5 to 5.5 nm for TRGrO and GOP3, respectively. The specific surface area 

of synthesized materials varied from 8.1 ± 0.03 to 689.5 ± 11.3 m²·g-1 for GOP1 

and TRGO2, respectively. The concentration of defects (I(D)/I(G)) varied from 

0.36 to 1.4 for GOP3 and TRGO2, respectively. 

3. GOP(1 – 5), TRGrO and TRGO fractions were applicable for design of reagentless 

systems based on pyrroloquinoline quinone dependent glucose dehydrogenase 

from Acinetobacter calcoaceticus sp. (PQQ-GDH), urease from Canavalia 

ensiformis or D-fructose dehydrogenase from Gluconobacter industrius (FDH). 

Hovewer, the thermally reduced materials based systems exhibited the highest 

efficiency of DET/DCAO expressed as 𝑗𝑚𝑎𝑥
𝑡𝑎𝑟  (μA·cm-2): 63.6 ± 5.8 (PQQ-GDH 

and TRGrO system), 117.6 ± 3.5 (urease and TRGO1 system), 335.2 ± 6.1 (FDH 

and TRGO1 system). 

4. The examination of kinetic characteristics of new systems allowed to select the 

TRGrO and TRGO fractions as the most appropriate carbonaceous materials for 

reagentless D-glucose, carbamide and D-fructose biosensors design. The 

efficiencies of carbamide biosensors based on TRGO fractions were ten times 

higher compared to that of GOPs based biosensors and more than a hundred times 

higher than graphite based control biosensor. The sensitivity of D-fructose 
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biosensors is the same order as for the other synergistic mediated processes based 

systems.  

5. The proposed biosensor based on urease and TRGO2 was applicable for precise 

detection of carbamide in dialysate. The correlation coefficient between data 

obtained in VUH Santariskiu Clinics Laboratory of Biochemistry and using the 

biosensor was of 0.9912.  

The proposed biosensor based on FDH immobilized on TRGO1 by the 

method Im-FDH3 was applied for precise detection of D-tagatose in D-galactose 

bioconversion reaction mixture. The correlation coefficient between data obtained 

using the biosensor and the spectrophotometric analysis was of 0.9974. 
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8 REZUMĖ 

Darbe siekta susintetinti, atrinkti ir ištirti sp2 hibridizacijos anglines medžiagas ir jų 

pagrindu sukurti efektyviai veikiančias bereagentines fermentines sistemas. Anglinių 

medžiagų sintezei pasitelktos keturios skirtingos oksidacijos bei grafito ir grafeno oksidų 

terminės redukcijos metodikos. Gautos medžiagos charakterizuotos TGA, AJM, BET, 

SEM, XRD, Ramano sklaidos spektrinės, titrimetrinės ir elementinės analizės metodais. 

Ištirtos sp2 hibridizacijos anglinės medžiagos buvo tiriamos kaip elektrodinės medžiagos 

amperometriniuose fermentiniuose biojutikliuose, kurių biologinę dalį sudarė PQQ-GDH, 

ureazė arba FDH. Geriausiomis savybėmis pasižymintys biojutikliai buvo atrinkti ir 

pritaikyti realių mėginių analizei. 

Darbo išvados:.  

1. Tiesioginei elektronų pernašai (TEP) tinkamomis savybėmis pasižyminčios 

devynios anglinės medžiagos susintetintos grafitą oksiduojant H2O2, K3[Fe(CN)6] 

šarminėje terpėje (GOP(1 – 4)), veikiant fermentu lakaze išskirta iš Coriolopsis 

byrsina (GOP5), termiškai redukuojant grafito oksidą (TRGrO), naujai pasiūlytu 

terminės grafeno oksido redukcijos ir frakcionavimo metodu (TRGO1, TRGO2, 

TRGO3). 

2. Aštuoniais metodais charakterizavus gautas anglines medžiagas nustatyta, kad 

visos turi deguoninių funkcinių grupių: atitinkamai GOP1 ir GrO nuo 0,108 iki 

5,222 mmol·g-1. Medžiagos turi skirtingą struktūrą – GO kristalinę, TRGO1 

amorfinę struktūrą, tačiau visos yra sudarytos iš nanometrinės eilės dalelių, kurių 

dvid kito nuo 11 iki 62 nm, o hvid nuo 0,5 iki 5,5 nm (atitinkamai TRGrO ir GOP3). 

Medžiagų savitasis paviršiaus plotas kito nuo 8,1 ± 0,03 iki 689,5 ± 11,3 m²·g-1 

(atitinkamai GOP1 ir TRGO2), o defektiškumas (I(D)/I(G)) kito nuo 0,36 iki 1,4 

(atitinkamai GOP3 ir TRGO2).  

3. GOP(1 – 5), TRGrO ir TRGO frakcijos yra tinkamos bereagentinių sistemų 

kūrimui, kurių biologinę dalį sudaro nuo pirolo chinolinchinono priklausoma 

gliukozės dehidrogenazė išskirta iš Acinetobacter calcoaceticus sp. (PQQ-GDH), 

ureazė išskirta iš Canavalia ensiformis arba D-fruktozės dehidrogenazė išskirta iš 

Gluconobacter industrius (FDH), tačiau efektyviausiai TEP/TKRO išreikšta 𝑗𝑚𝑎𝑥
𝑡𝑎𝑟  

(μA·cm-2) vyko sistemose naudojant anglines medžiagas gautas terminės 

redukcijos būdu: 63,6 ± 5,8 (PQQ-GDH ir TRGrO); 117,6 ± 3,5 (ureazė ir TRGO1); 

335,2 ± 6,1 (FDH ir TRGO1). 

4. Įvertinus sukurtų sistemų kinetinius parametrus TRGrO ir TRGO frakcijos 

atrinktos kaip tinkamiausios anglinės medžiagos bereagentinių D-gliukozės, 

karbamido ir D-fruktozės biojutiklių kūrimui. Nustatytas karbamido biojutiklių 

efektyvumas yra dešimt kartų didesnis nei biojutiklių su GOP ir daugiau nei šimtą 

kartų didesnis nei kontrolinio biojutiklio su grafitu. D-fruktozės biojutiklių jautris 

yra tos pačios eilės, kaip ir mediatorinių sistemų.  

5. Atrinktu biojutikliu su ureaze ir TRGO2 galima tiksliai įvertinti karbamido 

koncentraciją dializate. Nustatytas koreliacijos koeficientas tarp rezultatų gautų 

naudojant biojutiklį ir VUL Santariškių klinikų Biochemijos laboratorijos – 0,9912. 

Atrinktu ir pritaikytu biojutikliu su Im-FDH3 būdu imobilizuota FDH ir 

TRGO1 galima tiksliai įvertinti D-tagatozės koncentraciją biokonversijos iš D-

galaktozės reakcijos mėginiuose. Nustatytas koreliacijos koeficientas tarp rezultatų 

gautų spektrofotometriniu metodu ir naudojant biojutiklį – 0,9974. 
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