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The development of biosensors and environmental monitoring 
represent priority trends due to the close relationship between 
the environment and human health.1–4 A biosensor is generally 
composed of a molecule recognition part accompanied by 
various types of physical or chemical transducers.5 The materials 
used for biosensors are divided into three main groups according 
to the sensing mechanism, namely (i) biocatalytic group 
comprising immobilized enzymes,6 (ii) bioaffinity one including 
antibodies and nucleic acids and (iii) microbe-based one.7 
Examples of the last group are whole cell biosensors with 
prokaryotic or eukaryotic cells, which typically use respiration 
to monitor different metabolic events. The respiration represents 
a fundamental cellular process capable of adapting and 
responding to physical and chemical changes and thus suitable 
for analytical signal generation.8 The related sensors have been 
used for detection of wastewater contamination,9 monitoring of 
fermentation10 as well as other technological processes.11 The 
biochemical oxygen demand (BOD) parameter is employed for 
monitoring the purity of an aqueous environment12 and represents 
the amount of dissolved oxygen required for biochemical 
oxidation of organic substances contained in a sample at certain 
temperature over a specific time period. Certain strains or 
communities of microorganisms are used for rapid assessing 
BOD and in general the environmental impact.13 However, for 
the real assessment of the pollution effect, it is reasonable to 
employ the unique community of microorganisms inhabited in 
exactly the investigated body of water.14,15

In this work, we have developed a method for formation of 
specific receptor element in situ as well as preparation of reliable 
reference sensor, which is based on tuning the wettability and 
fouling of its material surface using modified detonation 
nanodiamonds (DNDs). The composite material for the optical 
oxygen sensor was developed earlier16 and used here as a 
transducer. An optical type of transduction results in two 

advantages, namely lack of oxygen consumption by the sensor 
and negligible crosstalk between different substances contained 
in a sample.8,17 An  additional advantage of the composite 
material employed consists in the linearity of calibration curve, 
in contrast to purely polymeric sensors characterized by 
noticeable deviation from linearity.18

The preparation of the sensor material as well as optimal 
conditions were described,19 for details see Online Supplementary 
Materials. The sensor consisted of mesoporous SiO2 
microparticles with adsorbed 5,10,15,20-tetrakis(2,3,4,5,6-
pentafluorophenyl)porphyrin platinum(ii) typically used for the 
research and commercial oxygen analyzers.20 The particles were 
coated with a protective shell of fluorinated surfactant and 
distributed in fluorine containing polymer Fluoroplast 42, which 
protected the sensor from the influence of analyzed medium.

Surface properties of the sensor material were tuned using 
DNDs of three different modifications, namely aminated DND 
(DNDamine), chlorinated DND (DNDchl) and DND with mixed 
composition (DNDamine + chl). The details of DND modification 
and subsequent application onto the surface were described.21 
DNDchl was synthesized by heating pristine DND in CCl4–Ar 
mixture containing 3% CCl4 at 400 °C for 5 h.22 DNDamine was 
obtained from DNDchl by heating in pure ammonia at 300 °C and 
1 atm for 2 h. Partially converted product DNDamine + chl was 
obtained similarly after 1 h reaction time in ammonia. For 
uniform application of DNDs on the surface of the material, their 
suspensions in glycerol were prepared, kept in an ultrasonic bath 
for 20 min and then immediately applied to the samples with 
following annealing at 160 °C for 12 h in an Ar atmosphere. For 
each type of modified DND four different material types were 
prepared with total particle content on the surface equal to 
2.3 × 10–4, 3.1 × 10–4, 3.8 × 10–4 and 4.6 × 10–4 g cm–2.

To investigate biofouling, a pure culture of nonpathogenic 
facultative anaerobic organotrophic bacteria Pseudomonas 
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A new type of composite oxygen biosensor has been 
developed. It is based on fine tuning the adhesive and fouling 
properties of the surface employing modified nanodiamonds 
with various functional groups. Operability of the sensor has 
been demonstrated using Pseudomonas putida K12 bacteria.
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putida strain K12 was used. This strain is known for its ability to 
form biofilms.23 Optical visualization of the biofilm was carried 
out by laser confocal scanning microscopy. Polysaccharide 
matrix was stained with lectin IV from wheat germ agglutinin 
(WGA) conjugated with Alexa Fluor 488 fluorescent dye. For 
the cell visualization, dilute solution of fluorescent dye SYTO 
11 in phosphate buffer was used. Images were obtained using an 
Ar laser at 488 nm for detection of WGA fluorescence and 594 
nm for detection of SYTO 11. To locate undyed particles, the 
Nomarski contrast method was employed (Figure 1). From the 
obtained images, the percentage of area occupied by cells and 
polysaccharide matrix was calculated (Figure 2).

Increase in the amount of biofilms and bacterial cells on the 
surface with an elevation of the content of nanodiamonds is 
clearly seen, and the observed dependencies coincide with 
respiratory MTT assay.21 The highest fouling was revealed for 
the sample with 4.6 × 10–4 g cm–2 DNDamine + chl (see Figure 2), 
thus DNDamine + chl represents a good candidate for the formation 
of bioreceptor element in situ. The sample with 2.3 × 10–4 g cm–2 

DNDamine demonstrated inhibition of fouling, which is siutable 
for the reference sensor in a biological environment.

Mechanism of the observed antibacterial action for DNDamine 
seems to resemble the one revealed for polyguanidine derivatives, 
which are known as antiseptic polycationic polymers.24 High 
density of polar groups of the same charge on the DND surface 
leads to disruption of the cell membrane integrity upon the 
contact, which results in cell death. In our opinion, the lack of 
antibacterial action for DNDamine + chl originates from mutual 
charges compensation for functional groups of different polarity 
on the particle surface. The absence of antibacterial effect for all 
types of DNDs at their higher content can be explained by 
increase in wettability of the surface due to the rise in amount of 
polar groups.21 The similarity of the results for DNDamine and 
DNDchl is caused by a common synthetic route and therefore the 
same amount of polar groups on their surfaces.

Further, a composite material was prepared with coatings of 
two types, namely 4.6 × 10–4 g cm–2 DNDamine + chl for the receptor 
itself and 2.3 × 10–4 g cm–2 DNDamine for the reference. The 
material was placed for seven days into a microbiological 
medium to form biosensor. Then, the readings of the two parts of 
the sensor were recorded using an optical analyzer.25 The sensor 
was placed in saline solution (50 ml) with stirring and then 
glucose was added stepwise (Figure  3) with further aeration 
followed by the addition of sodium sulfite at the final step to 
ensure the correct operation of the oxygen analyzer.

It is seen that the readings of the sensor part coated with 
DNDamine practically do not change with the addition of glucose, 
demonstrating the values for almost saturated solution. However, 
the following forced aeration and addition of sodium sulfite 
result in change in the readings, therefore, the observed output 
demonstrates the oxygen content in the bulk solution. In contrast, 
the sensor part coated with DNDamine + chl always reveals lower 
concentration values, responding to glucose additions. This can 
originate from the respiratory activity of bacterial cells adsorbed 
on the surface and a local decrease in the oxygen concentration 
detected by the sensor. Therefore, the biological response value 
R represents the difference in the readings of the two sensor 
parts.

Since receptor elements based on whole microbial cells are 
actually bioreceptors of the catalytic type, the dependence of R 
value on the glucose concentration (see Figure 3, inset) is fit by 
the following Michaelis–Menten type equation:

R = Rmax[S]/(KM' + [S]),
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Figure  1  Polymer sample images (1200×) after incubation at 28 °C for 
7 days in a medium with Pseudomonas putida K12 and fluorescent staining 
at different content of modified DND. Substrate material is indicated in 
green, cells are indicated in yellow, polysaccharide biofilm matrix in 
orange–red and mucus-coated cells in red, F42 is unmodified Fluoroplast 42 
reference.
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Figure  2  Surface area fractions (relative to control) occupied by 
(a)  Pseudomonas putida K12 cells and (b) polysaccharide matrix for 
samples with different content of modified DND.
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Figure  3  (1) 4.6 × 10–4 g cm–2 DNDamine + chl receptor element response to 
glucose injections (left axis), (2) 2.3 × 10–4 g cm–2 DNDamine reference 
sensor response (left axis) and (3) the calculated analytical signal R (right 
axis). Inset: analytical signal R vs. glucose concentration.
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where Rmax = 35.5% is the maximal rate of oxygen uptake by 
immobilized microorganisms achieved at substrate concentration 
[S] ® ∞ and KM' = 0.87 mg dm–3 is the apparent Michaelis 
constant, i.e. the concentration of substrate at which R = Rmax/2.

In summary, the possibility of optical oxygen biosensor 
development via fine tuning its surface properties has been 
demonstrated. The sensor was prepared using single base and 
consisted of two parts, namely the receptor one prone to 
biofouling and the reference one protected from the fouling. This 
sensor can be prepared directly in the investigated body of water 
and then employed to assess substrate specificity or toxic effects 
utilizing the features of a particular community of 
microorganisms.

The study was carried out within the framework of the state 
assignment of the Russian Federation (in accordance with theme 
no. 0706-2020-0020).

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2020.07.015.
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