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Abstract: The sensor coating was created based on a Langmuir monolayer of 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) with immobilized molecules of the enzyme glucose
oxidase and its sensor properties were studied. The process of incorporation of glucose oxidase
enzyme molecules into a Langmuir monolayer of phospholipid DPPE molecules was studied using
the compression isotherm method. Adsorption of glucose oxidase molecules has an expanding
effect on the Langmuir monolayer of DPPE and leads to an increase in the area per molecule from
32.5 A2 t0 49 A? and a decrease in the compression modulus of the monolayer from 133 mN/m to 83
mN/m. Also, the adsorption of glucose oxidase leads to an increase in the desorption coefficient
of the monolayer into the k, subphase from 0.5-10° to 1.2:10°. The morphology of films with
immobilized enzyme molecules at different adsorption times was characterized by atomic force
microscopy. Increasing the enzyme adsorption time leads to a decrease in the surface roughness of
the formed film from 3.6 nm at 5 minutes to 2.4 nm at 60 minutes. The formed DPPE monolayers with
immobilized enzyme molecules were transferred to graphite electrodes. Their sensory properties
were studied using cyclic voltammetry and impedance measurements. The resulting coatings were
sensitive to glucose in solutions with concentrations from 0 to 1 mg/ml. The presence of a linear
concentration dependence of the maximum and minimum currents and resistances in the specified

concentration range makes the created films promising for use as touch coatings.
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1. INTRODUCTION.

Polysaccharides, and in particular glucose, are
actively used in the food industry, so the creation
of glucose sensors with increased sensitivity and
selectivity is a fairly urgent task for monitoring
its content in technological processes, in final
products, as well as in production waste. A
promising solution to this problem is the
development of a touch coating for a biosensor
based on molecules of the enzyme glucose
oxidase (GO). The main task in this case is to
fix the enzyme molecule in the sensor layer and
maintain its activity over a long period of time.
One of the approaches that allows, within one
technological operation, to form a film with
enzyme molecules included in it and ensure its
protection from environmental influences is
the Langmuir-Blodgett technology [1-4]. Its use
makes it possible to form a bilayer membrane-
like film with included enzyme molecules.
In such a film, the enzyme molecules will be
protected from external influences by a thin layer
of lipid molecules. Therefore, the urgent task is
to study the process of incorporation of enzyme
molecules into Langmuir monolayers of various
surfactants [5-8]. A similar approach can also be
used to dope monolayers and LLangmuir-Blodgett
films with metal ions dissolved in the subphase
[9]. Authors [10] The effect of the charge of
the head group of surfactant molecules on the
process of incorporation of enzyme molecules
into a lipid monolayer was studied. At the same
time, the authors did not take into account the
influence of the acidity of the subphase on the
charge of the enzyme molecule. The influence
of the length of the hydrophobic part of the
lipid molecule on the enzyme adsorption process
was studied in [11]. The work also studied
the time of adsorption of glucose oxidase
molecules on the surface of water before the
onset of compression to phase transitions in the
monolayer and its surface properties. Studying
the effect of adsorption time on the properties
of Langmuir monolayers is an urgent task, since
in order to produce reproducible samples of
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touch coatings it is necessary to precisely control
the number of enzyme molecules adsorbed by
the film. The stability of dipalmitoylphosphate
acid monolayers was studied in [12]. The authors
paid more attention to the surface properties of
monolayers during enzyme adsorption and did
not focus on changes in the morphology of the
films. It is worth noting the works that studied
the process of adsorption of glucose oxidase by
mixed monolayers of phospholipid molecules
and nanoparticles [13]. The work also studied
the effect of the thickness of films with an
immobilized enzyme on the sensitivity of sensors
based on them. It has been shown that at film
thicknesses up to 10-11 nm, the concentration
dependence of the sensor parameters remains
linear over large concentration ranges. At the
same time, there is not enough information
about the stability of monolayers on the surface
of the aqueous subphase. This aspect becomes
especially relevant when trying to mass produce
touch coatings using the Langmuir-Blodgett
technology.

Therefore, in this the
properties of a coating based on alipid Langmuir
monolayer with molecules of the enzyme glucose
oxidase formed were studied. For this purpose,
the stability of monolayers of 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine during the
adsorption of glucose oxidase molecules was

work, sensory

studied using compression isotherms and the
morphology of films obtained on their basis was
studied.

2. EXPERIMENTAL PART

2.1. FORMATION OF LANGMUIR MONOLAYERS

To prepare a solution of 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE, Sigma
Aldrich, 99%), DPPE powder was dissolved in
chloroform (Sigma Aldrich, 99%), resulting in a
solution with a concentration of 10 M.

All experiments on the formation and study
of the surface properties of Langmuir DPPE
monolayers were carried out on a KSV Nima
LB Trough KIN2001 installation (Finland) with
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a working area of 243 cm’ The formation
of Langmuir monolayers with immobilized
molecules of the enzyme glucose oxidase was
carried out according to the following procedure.
A solution of DPPE in chloroform was applied
to the surface of the aqueous subphase in an
aliquot of 50 ul. Deionized water with a resistivity
of 18 MOhmXcm and a glucose solution with a
concentration of 0.015 mg/ml were used as a
subphase. After 30 minutes, the monolayers were
compressed by movable barriers at a constant
rate of monolayer area loss equal to 0.7 cm?/
min. During the compression of the monolayer
by movable barriers, the 7(A4) isotherm was
automatically recorded — the dependence of
the change in surface pressure (7) on the area
occupied by one molecule in the monolayer (A).
Compression isotherms of DPPE monolayers
formed in the absence and presence of dissolved
GO molecules in the subphase are shown in
Fig. 1.

By analyzing the compression isotherms,
such monolayer parameters as the specific area
per molecule in the non-tilting condensed phase
(A, and the compression modulus (&) were
obtained. The value of A coincides with the
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Fig. 1. Compression isotherms of a DPPE monolayer
Jormed on the subphase in the presence and absence of
dissolved glucose oxidase engyme molecules. Points A, —
areas occupied by one molecule in a non-tilting-condensed

Dphase.
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Table 1
Compression modulus (k) and area occupied by one
molecule in the non-tilt-condensed phase of a DPPE
monolayer (A), formed in the presence (DPPE+GO)
and in the absence (DPPE) of enzyme molecules
dissolved in the subphase, - equilibrium pressure

Monolayer parameter DPPE DPPE+GO
K, (mN/m) 133 87
A, (A%) 325 49
m_, (mN) 375 42

abscissa of the intersection point of the tangent
drawn to the condensed phase of the graph
of the monolayer compression isotherm. To
calculate the compression modulus we used the
formula [14]:

k=422, 0

where A is the specific area per molecule in
the non-obliquely condensed phase, £ is the
compression modulus of the monolayer, A is
the area occupied by the monolayer. The values
of £, A are given in Table 1.

The solid
substrates was carried out using the Langmuir-

transfer of monolayers to
Blodgett method at an equilibrium value of
surface pressure (ne). Atomically smooth highly
oriented pyrographite was used as a substrate.

2.2 STUDY OF FILM SURFACE MORPHOLOGY

The study of surface morphology was carried
out using the atomic force microscopy method
on an NT-MDT Ntegra installation in a hybrid
mode with a single line scanning speed of 0.79
Hz. An NT-MDT NSG10 series cantilever with
a tip radius not exceeding 10 nm was used.
Image processing and calculation of the average
roughness and film thickness were performed in
the open source software Gwyddion 2.63.

2.3. STUDYING THE SENSORY PROPERTIES

OF LANGMUIR-BLODGETT FILMS WITH AN
IMMOBILIZED ENZYME USING ELECTROPHYSICAL
METHODS

To measure the electrophysical parameters of
the created films, a P-45X potentiostat was used.
The sensory properties of the formed coatings
were studied using the following method.

RENSIT | 2024 | Vol. 16 | No. 1
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The formed Langmuir monolayers with the
immobilized GO enzyme were compressed to
a pressure of me. Next, the monolayers were
transferred by the Langmuir-Blodgett method
onto graphite electrodes with a diameter of 2
mm at a speed of electrodes passing through
the water surface of 1 mm/min. Thus, sensor
coatings were formed, consisting of 2 Langmuir
monolayers with an immobilized glucose oxidase
enzyme. The electrodes were placed at a distance
of 5 mm from each other in a reservoir with 2 ml
of glucose solution of various concentrations.
To eliminate the influence of electromagnetic
interference, the measuring cell was placed in
a steel box with a metal lid. Voltammograms
of the measured solutions were obtained in
the potential range from —1 V to +1 V with a
voltage sweep rate of 0.2 mV/s. Impedance
measurements were carried out in the frequency
range from 50 KHz to 4 KHz with a bias voltage
of 0.8 V.

3. RESULTS AND DISCUSSION

3.1. STUDY OF THE ADSORPTION PROCESS OF
GLUCOSE OXIDASE MOLECULES

An analysis of the compression isotherms
presented in Fig. 1 shows that the adsorption
of enzyme molecules leads to a change in the
type of compression isotherm. The moment
of phase transition between the liquid phase
and the inclined-condensed phase is extended.
Section II-III of the compression isotherm
appears in cases where the contribution to the
growth of surface pressure from the interaction
of the head groups of surfactant molecules
increases. Adsorption of GO molecules led to a
decrease in the monolayer compressive modulus
k from 133 mN/m to 87 mN/m and an increase
in A, from 32.5 A% to 49 A% Thus, we can
conclude that the adsorption of GO molecules
by a DPPE monolayer has an expanding effect
on the monolayer [15]. It 1s worth noting that
after the collapse pressure was reached, a kink
was observed in the compression isotherm, after
which the value of the surface pressure remained
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constant. The presence of such a section is
explained by the beginning of the formation of
a multilayer membrane-like structure [16].

The study of the adsorption of GO molecules
by DPPE film occurred in two stages. At the
first stage, the value of the equilibrium pressure
at which the monolayer was subsequently
transferred to solid substrates, ne, was established.
To do this, the monolayer was compressed to
a surface pressure value corresponding to the
middle of the non-obliquely condensed phase,
after which the compression process stopped.
A further change in the surface pressure is
associated with the occurrence of relaxation
processes in the monolayer. To analyze them,
changes in surface pressure (z) versus time (7)
were recorded automatically in automatic mode.
The graph of the dependence (7 is shown
in Fig. 2. The coordinate of the intersection
point of the projection of the linear part of the
graph 7(7) and the ordinate axis (7) corresponds
to the value of the equilibrium pressure 7z, at
which the rates of adsorption and desorption
of the monolayer substance into the subphase
are equalized [17]. The value of the tangent of
the angle of inclination of the linear part of the
graph 7(/) corresponds to the rate of decrease
in surface pressure (&) due to the structural

60

50 1

40 A

301

Surface pressure, mN/m

—&—DPPE

—v— DPPE+GO
20 ===
0 5

10 15 20 25 30 35 40 45 50 55 60 65
Time, minutes

Fig. 2. Graphs of the decrease in surface pressure of

DPPE monolayers (a), obtained in the subphase in the

presence and absence of dissolved enzyme molecules, at a
constant monolayer area.
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Fig. 3. Graphs of the decrease in the area of DPPE

monolayers, obtained in the subphase in the presence and

absence of dissolved enzyme molecules, at a constant
monolayer area.

reorganization of molecules in the monolayer,
as well as due to the possible loss of part of the
substance of the monolayer under water [18,19].
It can be seen from Fig. 2 that the adsorption
of GO molecules led to an increase in &, and 7_
from 0.5:10° and 37.5 mN/m to 1.2-10 and 42
mN/m, respectively.

To determine the mechanism of loss of the
monolayer substance into the subphase, a method
was used based on the analysis of desorption
curves in the coordinates of the relative loss of
area versus time. For this purpose, curves of
the decrease in monolayer area were recorded at
constant surface pressure near the point of phase
transition of the monolayer two-dimensional

liquid - condensed film. Fig. 3 shows graphs of
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changes in the relative monolayer area over time
for DPPE monolayers formed on the subphase
in the presence and absence of dissolved
GO molecules. In the presented desorption
curves, two sections can be distinguished,
approximated by a linear dependence. This is
due to the presence of several mechanisms of
desorption of the monolayer substance into the
near-surface layer. In the literature, two types
of desorption are distinguished. The first is
desorption, controlled by the departure of the
monolayer substance into a near-surface layer of
finite thickness. And the second is the diffusion
transition of monolayer molecules from a static
near-surface layer deep into the subphase. In the
desorption graph presented in Fig.3, areas with
the first and second desorption mechanisms are
marked with numbers (I) and (II), respectively.
To describe the desorption processes (I) and (II),
expressions (1) and (2) were used [20,21]:

L= ks, ©)

0

L= ks, 3)

0
where A/.A istherelative changein themonolayer
area over time # & and £_are the desorption and
diffusion coefficients, respectively.

The numerical values of the coefficients £
and £ correspond to the angle of inclination
of the linear sections of the area loss curves
presented in Fig. 4. The values of ks and kv are
given in Table 2.
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Fig. 4. Curves of the decrease in the area of DPPE monolayers (a, b), formed in the presence and absence of enzyme
molecules dissolved in the subphase.
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Table 2

Desorption coefficients of DPPE monolayers formed
on the subphase in the presence and absence of

dissolved GO molecules

NANOSYSTEMS

Table 3
Average roughness (R,), thickness (L) and surface
area (Sq) of monolayer DPPE films transferred at
different enzyme adsorption times.

DPPE DPPE+GO GO adsorption time 5 30 60

T, min 3 12 R, nm 3.6 3.3 24

k, 5-10* 6-10* S, mkm? 0.3 0.3 0.3

K, 3.3:102 1.1-102 L, nm 10.7 10.4 8.7
K, 0.5-10° 1.2:10°

From Table 2it can be seen that the adsorption
of GO molecules by a DPPE monolayer leads
to a change in desorption coefficients, controlled
by the transition of the monolayer substance
to the surface layer and the transition of the
substance from the surface layer deep into the
subphase. The coefficient £ increases from
5:10* to 6-10%, and £&_ decreases from 3.3-10°
to 1.1-10? in the presence of enzyme molecules
in the subphase. The presence of GO molecules
in the subphase leads to a decrease in the rate of
desorption, which is controlled by the transition
of the monolayer substance to the near-surface
layer, and an increase in the rate of transition
of molecules of the substance from the near-
surface layer deep into the subphase.

3.2. EFFECT OF ENZYME ADSORPTION TIME ON

THE SURFACE MORPHOLOGY OF THE FORMED
FILMS

Fig. 5 shows images of the surface morphology
of monolayer DPPE films with adsorbed
aggregates to GO molecules transferred at
different adsorption times. Table 3 shows the

values of the roughness of the formed films, the

average thickness and the average surface area
of the films.

Adsorption of GO by monolayers leads to
a change in the morphology of films obtained
on their basis. When GO is adsorbed by a
DPPE monolayer for 5 minutes, regions with a
height of 12 to 24 nm are formed on the film
surface. The GO molecule has dimensions of
6X5.2X7 nm [22], while the DPPE monolayer
has a thickness of about 3 nm. Thus, we can
conclude that these areas are aggregates of GO
molecules adsorbed by a monolayer of DPPE
molecules. When the adsorption time increases
to 30 minutes, the area occupied by GO islands
increases. In this case, the thickness of individual
sections increases to 25-30 nm. The average film
roughness decreases from 3.6 nm to 3.3 nm,
which can be explained by an increase in the area
occupied by GO aggregates. A further increase
in the adsorption time to 60 minutes leads to
a decrease in surface roughness and average
film thickness. This behavior can be associated
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Fig. 5. Images of the surface morphology of monolayer DPPE films formed on a subphase containing GO at GO

adsorption times of 5 minutes (a), 30 minutes (b) and 60 minutes (c).
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with a decrease in the rate of transition of the
monolayer substance into the diffusion layer. As
a result, the area covered by aggregates of GO
molecules increases. At the same time, the height
of individual aggregates decreases to 22-25 nm.

An increase in the adsorption time of the
GO enzyme on the film leads to a change in its
morphology. The most developed morphology
is observed in the film transferred 5 minutes
after holding the monolayer at constant pressure
(the total adsorption time, including the time
of compression of the monolayer by movable
barriers, is 125 minutes). Further adsorption leads
toadecrease in the average surface roughness and
average film thickness. Therefore, a monolayer
with an adsorption time of 30 minutes was used
to form the sensor coating.

3.3. STUDYING THE SENSORY PROPERTIES OF
THE FORMED COATINGS USING VOLTAMMETRIC
AND IMPEDANCEMETRIC METHODS

The formed sensor coatings were studied by cyclic
voltammetry. Cyclic voltammograms and graphs
of changes in maximum currents between the
electrodes at different concentrations of glucose
in the solution are shown in Fig. 6. For a biofilm
with the immobilized GO enzyme, a linear
dependence of the current on the concentration
of glucose in the solution is observed. The
increase in current with increasing concentration
to 0.9 mg/ml is 0.25 pA for forward bias and
0.35 A for reverse bias. In the absence of
biofilm on the electrodes, concentration changes
in current are random. The large operating
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Fig. 7. Frequency dependences of the real (a) and
imaginary (b) parts of the total impedance of the system

at different concentrations of glucose molecules in solution.

currents are explained by the absence of a film
of lipid molecules, which is a dielectric, on the
electrodes.

Fig. 7 shows the frequency dependences of
the real (a) and imaginary (b) parts of the total
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Fig. 6. Cyclic voltammograms (a) and changes in the maximunm values of forward and reverse currents in the presence
(b) and in the absence of a sensor film (c) at different concentrations of glucose in the solution.
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Fig. 8. Concentration dependences of the real (a) and imaginary (b) parts of the total impedance of the system for
the corresponding frequencies.

impedance of the measured cell at different
concentrations of glucose molecules in the
solution. In the frequency range from 5 to 20
kHz and from 30 to 50 kHz, frequencies can
be distinguished for which the concentration
dependence of the real and imaginary parts of
the impedance is monotonic.

Thus, the concentration dependence of the
real part of the impedance at frequencies of 7.3
kHz, 10 kHz and 15 kHz has a sublinear form.
The concentration dependence of the imaginary
impedance particles at frequencies of 40 kHz,
45 kHz and 49 kHz can be approximated by
an exponential function. The corresponding
concentration dependences are shown in Fig. 8.

4. CONCLUSION

In this work, the influence of the adsorption
time of glucose oxidase molecules on the surface
properties of Langmuir DPPE monolayers and
their morphology was studied. Based on the
formed monolayers, sensor bilayer coatings
were created. Differences in the adsorption
time of the enzyme lead to differences in
the morphology of the films. The process
of incorporation of glucose oxidase enzyme
molecules into a Langmuir monolayer of DPPE
lipid molecules was studied. The adsorption of
GO molecules has an expanding effect on the
Langmuir DPPE monolayer. Adsorption of GO

No. 1| Vol. 16 | 2024 | RENSIT

molecules leads to a structural restructuring of
the monolayer, accompanied by an increase in
the specific area of the monolayer, a decrease in
the rate of decrease in surface pressure and an
increase in pressure ne. When GO is adsorbed
by a DPPE monolayer, the filling rate of the
near-surface diffusion layer decreases, but at the
same time the rate of transition of molecules
from the diffusion layer into the bulk of the
subphase increases. The increase in the specific
area per molecule during the adsorption of an
enzyme by a monolayer is associated with the
floating of the enzyme and the formation of
an adsorption Gibbs monolayer at the water-air
interface, which is subsequently compressed by
the emerging monolayer of lipid molecules. As
a result, when the monolayer is compressed, the
position of all formed phases shifts to a region
of large areas. An increase in the adsorption
time of GO molecules leads to a decrease in the
average roughness of the film and its thickness.

Voltammetry and impedance measurements
of the films showed the sensitivity of the
sensor coating to glucose molecules in aqueous
solutions. The presence of alinear concentration
dependence of maximum and minimum currents
and resistances in the glucose concentration
range from 0 to 1 mg/ml makes such sensor
coatings promising for use as sensor coatings.
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Thus, the possibility of creating an enzymatic

glucose biosensor based on a LB film from
DPPE phospholipid molecules with immobilized

glucose oxidase enzyme molecules has been

demonstrated. The main advantage of such

biosensors is their high selectivity and sensitivity

with respect to the molecules being detected.
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