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Abstract. The study demonstrates the application of detonation nanodiamonds in designing test-
systems for determination of physiologically important blood substances. One (urease), two (glucose
oxidase and peroxidase) and three (cholesterol esterase, cholesterol oxidase and peroxide) enzymes
have been covalently immobilized onto the surface of modified nanodiamonds (MND) to develop test-
systems for biochemical detection of urea, glucose, and total cholesterol, respectively. In all cases, the
immobilized enzymes exhibit functional activity and catalyze the formation of a colored product in
the presence of the analyte. It has been found that the obtained MND-enzyme(s) complexes
effectively function in deionized water and different buffers providing a linear output of the final
product over a wide range of temperatures, pH and analyte concentrations. The model biosensors
were found to be suitable for repeated use and retain most of their activity after storage at 4 °C in
deionized water for two months. Practical applicability of the glucose and total cholesterol biosensors
is demonstrated in human serum samples.
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1 Introduction

Continuous and reliable monitoring of key metabolites such as glucose, urea and cholesterol in blood
serum samples is of paramount importance in diagnosis and prognosis for a number of diseases. Keeping
the blood glucose levels within a specified range is particularly important in diabetes management. The
increase in urea concentration in blood is associated with rental dysfunction. There is a strong
correlation between a high blood serum cholesterol level and increased risk of developing coronary heart
disease and liver failure, while the falling cholesterol level may indicate a disease process such as
hyperthyroidism or cancer. Therefore, the development of high sensitive, reproducible, low-cost and easy
to use sensors for clinic analysis has been the subject of concern for decades.

In recent years, a great number of enzyme-based analytical systems have been developed for
qualitative and quantitative detection of various chemical and biological substances [1-6]. The demand
for such systems is increasing due to their high selectivity and sensitivity, relative simplicity and
rapidity of analysis. Enzymatic biosensors have been employed across a diverse range of applications,
including environmental and agricultural monitoring, healthcare, food and water control [7-11].

Applications of nanomaterials have extended into the field of biomedical sensing expanding the
arsenal of currently employed techniques with recent studies that demonstrate their great potential in
improving the sensitivity and performance of biosensors [12-15]. There has been a steadily growing
interest in using different allotropes of nanocarbon (fullerenes, graphene, nanotubes and nanodiamonds)
as carriers and sensing elements for the design of biosensors [16-18]. Consequently, detonation
nanodiamonds [19, 20] are well explored for health related issues due to their chemical stability, large
specific area, facile surface tailoring for specific applications, high adsorption capacity and non-toxicity
[21-24]. Along with a high colloidal stability in dispersion media, these properties of modified
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nanodiamonds (MND) provide for their potential use as a basis for a new class of bioanalytical devices
for targeting and quantifying analytes of interest [25-28].

In this paper, we demonstrate the applicability of MND for constructing reusable diagnostic systems
for the biochemical detection of glucose, total cholesterol and urea in blood serum.

2 Materials and Methods

2.1 Materials and Reagents

Nanodiamond powder synthesized by explosive detonation with an average cluster size of 50 nm were
acquired from Real-Dzerzhinsk Ltd. (Russia) and used in this study as the starting material. In order to
remove impurities and enhanced colloidal stability, the nanodiamonds were treated using a technique
described earlier [24, 28]. Aqueous suspensions at concentration of 10 mg/mL were prepared by
dispersing the modified nanodiamond (MND) powder in deionized (DI) water (Milli-Q system, Millipore
USA).

Enzyme and analyte solutions supplied in commercial kits Cholesterol-Vital (“Vital Diagnostic”, S.-
Petersburg, Russia), Glucose LS (ProDia International, Germany), and Novokarb (“Vector-Best”,
Russia) were used for the determination of total cholesterol, glucose, and urea in blood serum and
plasma. Before experiments, to get rid of low molecular weight compounds the enzyme solutions were
dialyzed against 10 mM phosphate buffer (PH 7.0) by ultrafiltration through a 30 kDa membrane (EMD
Millipore Amicon, Darmstadt, Germany).

Phosphate, Bis-tris propane, tris, sodium acetate and ammonium acetate buffers (“Sigma”, USA), 4-
aminoantipyrine (1-phenyl-2,3-dimethyl-4-aminopyrazolone) (4-AAP) and D-glucose (“Reahim”, Russia),
phenol (“Flucka”, Germany), sodium hypochlorite and sodium hydroxide (“Vector-Best”, Russia) were
of analytical grade and employed without further purification. All solutions were prepared in DI water.

2.2 Functionalization of MIND

The surface of MNDs was chemically activated with p-benzoquinone using a known technique [29, 30]
that provides sites for the following immobilization of enzymes in relatively soft conditions. It is known
[31] that in weak alkaline aqueous solutions hydroquinone is susceptible to oxidation forming p-
benzoquinone. A phosphate buffer (20 mM, pH 8.0) and 300 mg of hydroquinone dissolved in 3 ml of
aqueous ethanol (20%) were consequently added with stirring to an aliquot (5 ml) of MND hydrosols (at
final concentration of 1.0 wt%) and the suspensions were incubated for 2 h at room temperature under
stirring at 150 rpm on a OS-10 Shaker (BIOSAN, Latvia). To remove unreacted components, MNDs
were collected by centrifugation at 16000 g for 10 min at 10 °C and the sediment was washed with DI
water followed by several cycles of twice washing with aqueous ethanol (20%) and once with 1 M NaCl,
centrifugation and rinsing with water.

2.3  Construction of MND-Enzyme(s) Complexes

Three test-systems were constructed using identical procedures: 1) urease, 2) glucose oxidase and
peroxidase, and 3) cholesterol esterase, cholesterol oxidase and peroxide enzymes have been covalently
immobilized onto the surface of MNDs for biochemical detection of urea, glucose, and total cholesterol,
respectively. Immobilization of the enzymes on the activated MNDs was carried out in 100 mM Na-
bicarbonate buffer (pH 8.0). A solution of the corresponding enzyme(s) was mixed with MND hydrosols
and kept for 2 hours at room temperature under continual stirring (Shaker OS-10). Then the MND-
enzyme complexes were collected by centrifugation (Centrifuge 5415R) at 16000 g for 10 min at 10°C.
The precipitate was repeatedly washed with a 0.25 M NaCl solution to remove unbound and
nonspecifically bound enzymes.

2.4  Measure of Activity of MND-Enzyme(s) Complexes

Activity of the immobilized enzymes in systems designed for detection of glucose and total cholesterol
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was assayed by colorimetric method using H,0,, 4-AAP and phenol involved in an oxidative coupling
reaction [32]. Phenol and 4-AAP reacts in the presence of H,0, and peroxidase resulting in formation of
the colored product — quinoneimine dye. This reaction is commonly used in medical diagnostics for
evaluation of physiologically important substances [33]. In a procedure for the enzymatic determination
of glucose the colored product is formed by two sequential reactions (Fig. la), while three reactions are
required for the determination of total cholesterol (Fig. 1b).
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Figure 1. A schematic representation of glucose, cholesterol and urea assay methods. (a) glucose oxidase-
peroxidase test for glucose determination, GO-glucose oxidase, PO-peroxidase. (b) cholesterol oxidase-peroxidase
test for total cholesterol determination, CE-cholesterol esterase, CO-cholesterol oxidase, PO- peroxidase. (c¢) urease
salicylate-hypochlorite test for urea determination, U-urease.

The assay (1 ml) contained 0.56 mg/ml of phenol, 0.10 mg/ml of 4-AAP and 50 ul of MND-enzymes
suspension (at final concentration of 0.5 g/L). After addition of an analyte (cholesterol or glucose), the
samples were vortexed for 3-5 s and incubated at room temperature. The analyte concentration,
temperature, pH and incubation time were varied to study dependencies of colored product formation.
The reaction mixture was centrifuged at 16000 g for 10 min. The absorbance of the supernatants at 506
nm was measured by using a UV-1800 (Shimadzu, Japan) spectrophotometer.

For the urease activity assay, a salicylate-hypochlorite method [34,35] based on successive enzymatic
and nonenzymatic reactions was used. First, urea is hydrolyzed by urease to form ammonia which at the
nonenzymatic stage reacts under alkaline conditions with chemical components to form a colored
product — 2 2-dicarboxyindophenol (Fig. 1c¢). The initial reaction mixture (200 uL) contained 140 pL of
10 mM phosphate buffer (pH 7.0), 10 puL. of the urea standard (the analyte concentration of 0.25
mmol/L), and 50 pL of the MNDs—urease suspension (the particle concentration of 2.5 g/L). After
adding all components, the samples were mixed and incubated at room temperature for 5 min. After
incubation, the MNDs—urease complex was collected by centrifugation at 16000 g for 10 min. The
obtained supernatants were collected and mixed with the chemical components to perform the
nonenzymatic reaction. After mixing and incubation at room temperature for 5 min, the amount of the
colored reaction product in the samples was determined spectrophotometrically by the optical density at
700 nm using a UV 1800 spectrophotometer (Shimadzu, Japan).

2.5 Multiple Re-using of MND-Enzyme(s) Complexes

Following the construction procedure described above, the test-systems for glucose and cholesterol
detection were assessed for reproducibility in multiple use. For this purpose, MND-enzymes complexes
were collected by centrifugation and the precipitates were washed twice with 20 mM phosphate buffer
(PH 7.0) to remove the reaction product. The washed MND-enzymes complexes were re-suspended in DI
water, then analytes and ingredients required to start the reaction were again added.

In the case of multiple detection of urea level, the MND-urease complex was collected by
centrifugation after the enzymatic stage. The supernatant was used for nonenzymatic reaction and
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analysis of the formed colored product. The pellet was washed twice with 20 mM phosphate buffer (pH
7.0) to remove the residual components and products of the enzymatic reaction, each time re-suspending
the pellet in a freshly prepared buffer and collecting by centrifugation. The washed MND-urease
complex was re-suspended in DI water and the enzymatic reaction was again activated by the analyte.

2.6 Determination of Glucose and Cholesterol Concentration in Samples of Human

Blood Serum

The analysis of glucose and cholesterol concentration with the developed test-systems was performed at
room temperature on samples of human blood serum. An initial reaction mixture consisted of 0.56
mg/ml of phenol, 0.10 mg/ml of 4-AAP and 50 pl of either two- or three-enzymes-MND suspension for
determination of glucose or cholesterol, correspondingly. Then a 50 pl aliquot of blood serum was added
to the reaction mixture and stirred for 5 sec followed by incubation for 10 min. After centrifugation to
remove MND-enzymes complexes, the supernatant was used to quantify the analyte concentration from
the optical density at 506 nm. Calibration curves were obtained by assaying samples containing the
colored product derived at various known concentrations of the analytes.

In parallel experiments, the concentration of glucose and cholesterol was determined with a Sapphire-
400 biochemical analyzer (Niigata Mechatronics, Japan). The Cholesterol-Vital (Vital Diagnostic, S.-
Petersburg, Russia) and Glucose LS (ProDia International, Germany) reagent kits were used to
calibrate the analyzer following the producer instruction. The data obtained by different test methods
were used for comparative analysis.

3 Results and Discussion

To construct test-systems for biochemical diagnostics, a method of covalent attachment of enzymes to
MND activated with benzoquinone was applied (Fig. 2). It is known that in order to prevent
denaturation of biopolymers (e.g. proteins) during their covalent immobilization on a carrier, its surface
is pre-activated thus allowing them to bind biomolecules under relatively mild conditions [29-31]. As a
result of reaction with the chemical activator, the reactive electrophilic groups developed on the carrier
surface form covalent bonds with the nucleophilic groups (e.g. amino groups) of the biopolymer. A
particular case of this reaction is the activation of a carrier containing surface-OH groups by
benzoquinone and subsequent attachment of a protein to the activated carrier [29-31]. The method is
widely used in the development of affinity sorbents to retain to a considerable extent the specific
activity of immobilized proteins [31]. The abundance of hydroxyl groups on the MND surface has been
shown earlier [27], therefore, in this study the enzymes were covalently immobilized onto the
benzoquinone activated nanoparticles.

0] 0 OH
OH + @ — ‘o¢ + HZNO —> .O©NH°
- o) d enzyme OH

M

p-benzoquinone

Figure 2. A scheme of functionalization of nanoparticle surface and covalent immobilization of enzymes onto MND.

A principle of functioning of model biosensors based on a MND-enzyme(s) complex is shown on the
Fig. 3. A substance to be determined (the target analyte) is successively transformed into respective
products P, -P,—..—P, by a chain of biochemical reactions catalyzed by enzymes E,—E,— ..—E,
immobilized on the nanoparticles. The final colored product (P,) is easily detected by spectral analysis.
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Figure 3. A schematic representation of working designed biochemical MND-enzymes test-systems. (A) Urea
determination MND-monoenzyme complex: U- urease. (B) Glucose determination MND-bienzymes complex: GO
glucose oxidase, PO-peroxidase. (C) Total cholesterol determination MND-three-enzymes complex: CE-cholesterol
esterase, CO-cholesterol oxidase, PO-peroxidase.

At the first stage of the study it has been revealed that the weight ratio of the enzymes during
covalent immobilization can be of importance in regards to the functional activity of designed MND-
enzymes complexes. The MND-enzymes complexes showed the biggest activity and reaction product
yields at the testing when for their fabrication the proteins mixture with an equal weight ratio of
enzymes were used. When the amount of one of the enzymes was more or less than amount of the other
ones in the protein mixture, the functional activities of obtained MND-enzymes complexes decreased
about 2 times.

Calculations based on results of spectral analysis of the initial enzyme solutions and supernatants
after immobilization suggested that at the experimental conditions (pH and molar values of buffer
solution, amount of nanoparticles, temperature and duration of incubation), 1 mg of MND bound 70 pg
of total amount of the enzymes at the creation of glucose determination system, 120 pg of total amount
of the enzymes at the creation of cholesterol determination system and 80 pg of the enzyme at the
creation of urea determination system.

In all cases studied, the covalently immobilized enzymes maintained functional activity and catalyzed
the formation of the quinoneimine dye following the addition of corresponding analyte in the reaction
mixture. In the control experiments without the analytes or when pristine MNDs were used, the colored
product was not observed.

It was shown experimentally, that the developed test-systems were functional at a wide range of
temperature. The enzymatic activity of MND-enzyme(s) complexes was evaluated by the yield of
colored product while incubating the reaction solutions at 20-60 °C in a thermostat (TB-85 Thermo
Bath, Shimadzu, Japan). As it is seen on the graph (Fig. 4), the performance of the glucose biosensor
was nearly invariant with temperature. Yet a slight increase of the yield of the colored product was
detected in a temperature interval of 35-45 °C. The activity of the cholesterol and urea test-systems
displayed a pronounced temperature dependence. The maximum response of the cholesterol biosensor
was observed at temperature close to 50 °C with fourfold increase of the reaction yield as compared to
the room temperature (20 °C). The urea biosensor demonstrated the highest activity at a temperature
interval of 40-50 °C resulting in 2-2.5 times higher response than that at the room temperature.
Obviously, the temperature effect on activity of the immobilized enzymes explains the observed
fluctuation of biosensor performance. However, all test-systems were functioning quite effectively at the
room temperature producing a quantity of the colored product sufficient to perform reliable spectral
analysis.
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Figure 4. Dependence of product yield in reactions catalyzed by biochemical diagnostics MND-enzymes test-
systems on temperature: 1-glucose determination test-system, 2-urea determination test-system, 3-total cholesterol
determination system.

The effect of pH on the response of the developed test-systems was studied conducting experiments in
a series of phosphate buffers (10 mM) with pH values ranging from 5.0 to 9.0. As follows from the Fig. 4,
the glucose and cholesterol test-systems exhibited the maximal activity at slightly acidic to neutral
conditions, while the urea test-system displayed an optimal response at neutral to slightly alkaline
conditions. At the same time, all test-systems effectively function in DI water. The results of
comparative study (Fig. 5) showed the almost identical response of MND-enzymes complexes to the
target analyte in the neutral buffer (pH 7.0) and DI water. This can be considered as a certain
advantage for their practical application.
120 -

q
100 4
2 ,;?&
= 3 + #ed I, LN
+ 80 1 ’,—’j/ / AN
_g 3 t — II \\ \.\
s B / N\ \\%
2 60 - / \ b3
] ,’ N \\
o
2 40 * & \\
> / \\ \
/ ~
Y L
20 A .
il
1
0 T T T S T T
DI water 5 6 7 8 9

pH

Figure 5. Dependence of yield of product in reactions catalyzed by biochemical diagnostics MND-enzymes test-
systems on pH: 1l-urea determination test-system, 2-total cholesterol determination test-system, 3-glucose
determination system.

The influence of buffer composition on the response of glucose and cholesterol test-systems was

investigated using different 20 mM buffers with neutral pH (phosphate, ammonium acetate, bis-tris
propane, sodium acetate and tris). The glucose test-system responded in all buffers almost the same as
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in DI water (Fig. 6). A slight decrease of the reaction rate with respect to DI water was observed only in
the ammonium acetate and tris buffers (5-10% and 10-15%, correspondingly). The cholesterol test-
system was found to be sensitive to the buffer composition displaying a significantly lower response as
compared with DI water measurements. The reduction was up to 30% in ammonium acetate, sodium
acetate and tris buffers and reached 60% in bis-tris propane buffer (Fig. 6). The phosphate buffer was
determined as the optimum medium for the both systems.
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Figure 6. Formation of colored product in reactions catalyzed by glucose and cholesterol determination test-
systems in different buffer systems (20 mM, pH = 7.0). The data are normalized for the product yield in DI water
in measurements of glucose and cholesterol, respectively.

The fabricated test-systems were found to be stable when stored in the suspension form. The MND-
enzymes complexes exhibited functional activity resulting in formation of the colored product in the
presence of the corresponding analyte after storage in DI water at 4 °C for 3 months.
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Figure 7. Formation of colored product in reactions catalyzed by MND-enzymes test-systems depending on
concentration of suitable analyte: glucose (A), total cholesterol (B) and urea (C). The data are normalized for
maximum values of product yield.

The experiments revealed that the test-systems demonstrated a linear output of the reaction product
over a wide concentration range of all analytes (Fig. 7). The linear response was found for cholesterol,
glucose and urea concentrations in the range of 0.01-0.20 mg/ml, 0.01-1.50 mg/ml and 0.9-30.0 pg/ml,
respectively. These results are essential in terms of developing sensing systems based on MND-enzymes
complexes to determine the analyte concentration in biological liquids for clinical analysis.
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Figure 8. Formation of colored reaction product at multiple re-use of MND-enzymes test-systems. The data are
normalized for maximum values of product yield.

The operational stability of the MND-enzymes complexes is illustrated in Fig. 8. As can be seen from
the data, nearly the same rate of product formation was observed during repeated measurement of urea.
This indicates that the immobilized enzymes were strongly bounded to the nanoparticles and not
significantly inactivated by multiple testing of the MND-urease complex. From our point of view,
dividing the detection of urea on enzymatic and nonenzymatic steps explains a high stability of this
test-system as it allows avoiding a possible enzyme inactivation caused by chemical reagents (first of all,
sodium hypochlorite and sodium hydroxide) during the nonenzymatic reaction. It was preliminary found
that carrying out both reactions simultaneously leaded to a total loss of activity of the immobilized
enzyme.
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Figure 9. Correlation dependence of two measurement methods for glucose and cholesterol quantitation in human
blood serum: via use of biochemical analyzer “Sapphire 400” and designed MND-enzymes systems.

Nearly the same rate of product formation was also observed during repeated measurement of
cholesterol (Fig. 8). However, response of the MND-enzymes complex for glucose determination
gradually decreased at the repeated testing of the analyte. The exact causes for reduced performance of
this indicating complex are not clear yet and require further investigation.

Practical applicability of the designed testing systems was successfully demonstrated in comparative
experiments on determination of glucose and cholesterol concentrations in human blood serum. Analysis
of the analytes was performed on the same samples using MND-enzymes complexes and Sapphire 400
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biochemical analyzer as a reference tool. Quantitative estimations of glucose and cholesterol were
obtained by comparing the yield of reaction product against the calibration curves (Fig. 7) when the
MND-enzymes complexes were used. Good correlation was observed between results obtained with the
test-systems and those with the analyzer (Fig. 9). The coefficients of determination (R?) obtained from
the analysis of glucose and cholesterol were of 0.98 and 0.94, respectively.

4 Conclusion

Thus, the presented work demonstrates the applicability of modified detonation nanodiamonds as a
carrier for creating systems for the biochemical diagnostics of physiologically important analytes. Test-
systems for detection of urea, glucose and cholesterol were constructed by covalent immobilization of
one (urease), two (glucose oxidase and peroxidase) or three (cholesterol esterase, cholesterol oxidase and
peroxide) enzymes onto the benzoquinone functionalized surface of nanodiamonds. It was found that
immobilized enzymes exhibited activity and catalyze the formation of colored reaction product upon
addition of analytes. All MND-enzyme(s) complexes functioned in a wide range of temperatures and pH,
in DI water and buffers of different composition providing a linear yield of the reaction product in a
wide range of analyte concentrations, exhibited activity after long-term storage in DI water at a
temperature of 4 °C. The MND-enzyme(s) complexes can be reused for the detection of the target
analytes. The model biosensors are found to be suitable for repeated use and retain most of their
activity after prolonged storage. Practical applicability of the developed test-systems is successfully
demonstrated in experiments to estimate the glucose and cholesterol concentrations in human serum
samples. We suggest that optimizing the conditions for constructing MND-enzyme(s) complexes (for
example, fixing them on a solid substrate) will increase stability and efficiency of the test-systems in
their multiple using.
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