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Abstract: We report on the novel electrochemical lactate biosensors based on Prussian blue nanopar-
ticles. The immobilization of lactate oxidase was performed through drop-casting on the sensor
surface of a mixture containing enzyme, (3-aminopropyl)triethoxysilane and isopropyl alcohol.
The apparent Michaelis constant and inactivation constant were determined (0.29 ± 0.03 mM and
0.042 ± 0.002 min−1, respectively) and compared with values obtained for biosensors based on Prus-
sian blue films. The developed lactate biosensors are not inferior in characteristics to those previously
known, while the manufacturing process is less laborious. Obtained values also indicate that lactate
biosensors based on Prussian blue nanoparticles and lactate oxidase have sufficient sensitivity and
operational stability for analytical application in medical and biological research.
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1. Introduction

Prussian blue is a well-known compound in electrochemical catalysis. It is successfully
applied in the sensing of hydrogen peroxide [1], amino acids [2] and DNA [3]. Prussian blue
nanoparticles are often referred to as “artificial peroxidase” because they have better cat-
alytical properties and operational stability than natural peroxidase enzymes [4]. Artificial
peroxidase can be used in oxidase-based biosensors, which are based on oxidation of the
substrate accompanied by the forming of hydrogen peroxide as a product. Then, hydrogen
peroxide is reduced/oxidized on an electrode, generating an electric current. Prussian
blue can catalyze the reduction of hydrogen peroxide, thus decreasing the potential of the
electrochemical reaction and enhancing the selectivity of biosensors. Prussian blue was
also used in the designing of the glucose biosensors suitable for non-invasive real-time
glucose detection in human sweat [5].

Lactate is an important intermediate of many biochemical processes. Accumulation
of lactate in the human body can be caused by cancer [6], multiple sclerosis [7] and brain
injuries [8], so detection of lactate in biological fluids is useful for biological and medical
purposes. Lactate oxidase catalyzes oxidation of lactate to pyruvate and forms hydrogen
peroxide, which can be electrochemically detected [9]. Immobilization of the enzyme on
the surface of an electrode is commonly performed using polymers with ionic-exchanging
properties. (3-aminopropyl)triethoxysilane is one of the monomers used for enzyme
immobilization. Polycondensation of this compound leads to the formation of a stable
(3-aminopropyl)triethoxysiloxane membrane [10]. Other electrochemical biosensors can be
based on different designs, such as using lactate dehydrogenase instead of lactate oxidase,
immobilization of the enzyme with another polymer and application of various transducers.
Some of the biosensors sensitive to lactate are listed in Table 1.
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Table 1. Examples of described biosensors for lactate detection. Lactate oxidase and lactate dehydro-
genase are referred to as LOx and LDH, respectively.

Biosensor Type Apparent Michaelis Constant Source

LOx + cobalt phthalocyanine 0.88 ± 0.07 mM [11]
LDH + cerium oxide nanoparticles 1.54 mM [12]

LOx + peroxidase + phenazine methosulphate 1.2 mM [13]
LOx + Prussian blue film 0.30 mM [14]

The sensitivity of a biosensor depends on the overall rate of electrochemical and
catalytic reactions. Hydrogen peroxide reduction and electron transfer rates are higher than
those for an enzyme-catalyzed reaction, so kinetics can be described using the Michaelis–
Menten equation [15]. Moreover, the possibility of a biosensor having practical use is
determined by its operational stability, which is limited by inactivation of the enzyme.
A high operational stability is a prerequisite for continuous real-time detection, which
is needed for medical and industrial applications [16]. Inactivation is assumed to be a
pseudo-first-order reaction of the enzyme in transforming from an active to an inactive
form [17].

In this work the apparent Michaelis constant and inactivation constants were evaluated
for lactate biosensors based on Prussian blue and Prussian blue nanoparticles covered with
a stabilizing agent–nickel hexacyanoferrate.

2. Materials and Methods

K2HPO4 and KH2PO4 were purchased from Helicon (Russia). KCl and NiCl2·6H2O
were obtained from Chimmed (Moscow, Russia). FeCl3·6H2O, (NaPO3)6 and K3[Fe(CN)6]
were obtained from Sigma Aldrich (Burlington, MA, USA). The 30% H2O2 solution was
purchased from Reachim (Moscow, Russia). Isopropyl alcohol was obtained from Plas-
topolymer (St. Petersburg, Russia). The lactate oxidase enzyme (EC 1.1.3.2) from Pediococ-
cus species (lyophilized powder, activity 72 IU) was purchased from Sorachim (Lausanne,
Switzerland). The 40% sodium L-lactic acid solution in water was obtained from Sigma
Aldrich (Burlington, MA, USA).

The biosensors were produced using planar screen-printed three-electrode structures
with a carbon working electrode with a diameter of 1.8 mm, carbon auxiliary electrode
and silver reference electrode. These screen-printed electrodes were obtained from Rusens
(Moscow, Russia).

Electrochemical measurements were conducted with potentiostat Palmsens3 (Palm
Instruments BV, Houten, The Netherlands). Dynamic light scattering particle size distri-
bution analysis was conducted with Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd., Malvern, UK). Spectrophotometrical measurements were conducted with Lambda
950 (Perkin-Elmer, Waltham, MA, USA).

2.1. Synthesis of Prussian Blue Nanoparticles

Synthesis was carried out as described in [4]. The reaction mixture consisted of
75 mM K3[Fe(CN)6] and 75 mM FeCl3 in a solution of 100 mM KCl and 100 mM HCl.
Sedimentation was initiated with the addition of a 50 mM H2O2 solution. Mixing and
dispersing of the mixture was conducted using ultrasound, followed by centrifugation and
separation of the sediment. The sizes of the nanoparticles were measured using the dynamic
light scattering method (refraction index value of 1.56 and absorption coefficient value of
0.9). The nanoparticles were stored in a solution of 100 mM KCl and 100 mM HCl. The
concentration of the nanoparticles in a suspension was measured using spectrophotometry,
with ε700 nm (per PB unit cell) = 4.85 × 104 M−1·cm−1.

2.2. Synthesis of Prussian Blue Nanoparticles with a Nickel Hexacyanoferrate Shell

Synthesis of the stabilizing shell, as described in [18], was carried out on the mixture of
5–10 nM Prussian blue nanoparticles, 0.3–2.1 mM K3[Fe(CN)6] and 0.5–3.5 mM NiCl2·6H2O
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in a solution of 100 mM KCl and 100 mM HCl under ultrasonication. Sediment was
separated; core–shell nanoparticles were redispersed in a solution of 7 mM (NaPO3)6, 0.5 M
KCl and 0.1 M HCl. Further operations are identical to the synthesis of nanoparticles
without a coating.

2.3. Preparation of Lactate Biosensors

Screen-printed electrodes were modified with Prussian blue by drop-casting 2 µL
of the 6.5 nM nanoparticle suspension on a working surface. Electrodes were air-dried
and annealed at a temperature of 100 ◦C for 1 h. The nanoparticle layer was activated
via cyclic voltammetry in a potential range of −0.05 V–0.35 V vs. Ag/AgCl. 2 µL of
1.0 mg·mL−1 lactate oxidase, and a 1.5% vol. (3-aminopropyl)triethoxysilane solution in
isopropyl alcohol was dipped on the working surface of the modified electrodes. After this
procedure, the biosensors were air-dried and kept at 4 ◦C in sealed packaging.

2.4. Electrochemical Detection of Lactate

All electrochemical experiments were conducted in the chronoamperometry mode
with stirring in a beaker at 25 ± 2 ◦C. Biosensors were tested in a 0.05 M phosphate buffer
and 0.1 M KCl solution at potential 0.0 V vs. Ag/AgCl.

3. Results and Discussion
3.1. Preparation of Lactate Biosensors

Prussian Blue nanoparticles were prepared via the reduction of the K3[Fe(CN)6] and
FeCl3 mixture with hydrogen peroxide under ultrasonication. The size distribution of the
nanoparticles was measured with dynamic light scattering. For further steps, nanoparticles
with an average diameter of 35 nm (Figure 1a) were used, because this size is within the
range in which the electrocatalyst is distributed over the entire surface of the working
electrode, according to [19]. Suspension of the nanoparticles was dropped on the surface
of the screen-printed electrode, then cyclic voltammogram was registered to activate the
coating. A cyclic voltammogram (Figure 1b) of the electrode modified with nanoparticles
exhibits a pair of peaks that correspond to the transition from Prussian blue to its reduced
form, Prussian White, and vice versa. According to [1], it is needed for the activation of
an electroactive coating through the intercalation of K+ cations in the Prussian blue layer.
The voltammogram can also be used for a calculation of the Prussian blue concentration on
the surface of the biosensor and, consequently, for control of the amount of Prussian blue
deposited on the working electrode. According to the voltammogram, the average amount
of deposited Prussian blue was 14 nmol·cm−2.
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Immobilization of lactate oxidase was conducted through the depositing of the mixture
containing enzyme, (3-aminopropyl)triethoxysilane and isopropyl alcohol on the sensor sur-
face. Thus, after formation of (3-aminopropyl)triethoxysiloxane, the membrane biosensors
were ready for the electrochemical detection of lactate in the chronoamperometric mode.

3.2. Determination of Apparent Michaelis Constant

The apparent Michaelis constant is an important parameter of biosensors, making it
possible to compare the catalytical properties of an immobilized enzyme and, consequently,
the analytical characteristics of biosensors. Its value depends on the Michaelis constant
of the used enzyme, the accessibility of the enzyme in the membrane and the effects of
the transducer. Thus, the calculation of the apparent Michaelis constant is useful for the
development of biosensors of a certain design.

Different concentrations of lactate were added to the cell with the lactate biosensor in a
batch mode. Figure 2a demonstrates one of the chronoamperograms which was registered
during this procedure. Obtained data were used to plot Michaelis–Menten curves, which
were used for the calculation of the apparent Michaelis constant. The corresponding curve
is shown in Figure 2b. As seen, the linear range for lactate detection can be estimated to be
5 × 10−6–1 × 10−4 M; sensitivity in this range is 134 ± 12 mA·cm−2·M−1.
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The mean apparent Michaelis constant is 0.29 ± 0.03 mM. It is equal to the constant of
the Prussian blue film-based biosensors and less than the constants of previously known lac-
tate biosensors, which are presented in Table 1. However, this parameter can be optimized
by testing other membranes, buffer systems and shapes of Prussian blue nanoparticles.

Thus, manufactured biosensors are not inferior in terms of sensitivity to other lac-
tate biosensors, including Prussian blue film-based ones. Similar values of the apparent
Michaelis constant are significant for the simplified approaches to the development of the
Prussian blue-based biosensors. Mass production of Prussian blue biosensors is easier
with the use of nanoparticles because of the opportunity to prepare large amounts of
nanoparticle suspension and apply them using automatic methods.

3.3. Determination of Inactivation Constant

The inactivation constant is important for practical use of the biosensors in online
chemical analysis. Calculation of this parameter makes it possible to determine if the
biosensor has sufficient operational stability for continuous detection of the chemical
substance, or if further improvement of the sensor design is required.
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The stability of the lactate biosensors was evaluated using the inactivation constant.
Calculation of this parameter was based on the assumption that the inactivation is a pseudo-
first-order reaction. Use of the semi-logarithmic chronoamperograms registered during the
1.0 mM lactate solution addition (Figure 3) makes it possible to calculate the inactivation
constant as the slope of the inactivation curve.
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Thus, the calculated inactivation constant for lactate biosensors modified with Prussian
blue nanoparticles was found to be 0.042 ± 0.002 min−1. The operational stability can also
be evaluated using the response decrease curve, with biosensors retaining 90% of their
initial response for 6 ± 1 min. This operational stability is relatively small, but it can be
enhanced with the synthesis of a coating to be applied on the Prussian blue nanoparticles.

Use of Prussian blue nanoparticles coated with nickel hexacyanoferrate for lactate
biosensors allowed us to achieve between 2–10-fold-lower values for the inactivation
constants. This fact indicates that the low stability of the biosensors based on Prussian
blue nanoparticles is due to transducer degradation rather than enzyme inactivation. As
shown in Table 2, inactivation constants for biosensors based on core–shell nanozymes
are dependent on the size and amount of the stabilizing coating. Therefore, operational
stability is also better for lactate biosensors with higher amounts of stabilizing agent (nickel
hexacyanoferrate). It should be noted that biosensors with stabilized nanoparticles have
the same linear range as those with Prussian blue nanoparticles.

Table 2. Inactivation constants for biosensors based on core–shell technology.

K3[Fe(CN)6] Concentration Used in
Synthesis of Shell, mM

Nanoparticle Diameter,
nm

Inactivation Constant,
min−1

0.3 36 0.0292 ± 0.0003
0.6 47 0.0108 ± 0.0006
0.9 65 0.0047 ± 0.0004
1.2 94 0.0024 ± 0.0004
1.5 122 0.0021 ± 0.0004
2.1 162 0.0017 ± 0.0003

The obtained values indicate that inactivation can be reduced by the use of this type
of core–shell nanozyme, but the synthetic parameters need optimizing to maximize the
stability of the biosensors.
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