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Abstract: This paper investigates the effect of three vanadium complexes with Schiff base-type tetraden-
tate ligands of general formula N,N′-1,2-cyclohexylenebis(3,5-dichlorosalicylideneiminate) (V1); LVCl2
(L = N,N′-1,2-cyclohexylenebis(5-chlorosalicylideneiminate) (V2); and N,N′-1,3propylenebis (salicyli-
deneiminate) (V3) on the fluidity of liposome membranes obtained by the sonication of natural lecithin
(EYL) and synthetic lecithin (DPPC). The study was carried out with TEMPO and 16DOXYL spin probes
using the EPR technique. The results show that the effect of the complexes on the fluidity of liposomes
whose membranes are in the liquid crystalline phase is much stronger as compared to the liposome
membranes in the gel phase.
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1. Introduction

The vanadium concentration in the Earth’s crust is approximately 160 ppm. Due
to its properties, it is an element with a wide range of applications in many industries.
Vanadium steel is used, among others, in the manufacture of springs, cutting tools, and
parts for the aircraft industry. Vanadium compounds are used as catalysts in many chemical
processes [1–4], e.g., in the production of sulphuric acid and the synthesis of phthalic and
maleic anhydrides. They are extensively studied in polymerization reactions, including
the coordination polymerization of ethylene and ethylene/1-olefin copolymerization, ring
opening polymerization of lactones, and ring opening metathesis polymerization [5–8].
Vanadium catalysts were applied for the synthesis of ethylene/propylene/diene copoly-
mers (EPDM), which were commercialized as synthetic rubbers and ethylene/cyclic olefin
copolymers known under the trade name “APEL”, which were developed by Mitsui Chem-
icals, Inc. [6]. For many years, work has been carried out on the application of vanadium
compounds in electrochemical processes [9–12], e.g., for electrical energy storage. The
importance of vanadium in highly advanced technologies and the number of vanadium
products used in everyday life (e.g., batteries) are constantly increasing. Due to their spe-
cific chemical properties, vanadium and its compounds also have a strong effect on living
organisms [13]. They inhibit cholesterol synthesis and affect glucose metabolism [14,15],
which gives hope for their therapeutic applications [16–18] and use in the treatment of
diabetes in humans [19]. However, in addition to their desirable therapeutic effects, vana-
dium compounds also exhibit highly toxic characteristics [20], with destructive effects on
living organisms. Vanadium poisoning can lead to disturbances in lipid synthesis, block the
action of some enzymes by binding to –SH groups, and cause changes in the composition
of proteins and nucleic acids in the blood. One of the effects of vanadium poisoning is a
reduction in cysteine levels in the epidermis, dermis, nails, and hair. Contact of the respi-
ratory tract with vanadium oxides can trigger inflammation of the mucous membranes,
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causing changes in alveolar macrophages and leading to a decrease in the body’s immunity,
which is an important factor in the light of the COVID-19 pandemic. On the other hand, the
toxicity of vanadium compounds offers hope for their use in anticancer therapies [21–24],
involving the development of a new platinum-free preparation. The anticancer activity of
vanadium results from its inhibitory effect on the growth of cancer cells [25–28]. Animal
studies indicate strong anti-cancer properties in colorectal malignancies [29,30], soft tissue
tumours (e.g., leiomyosarcoma), and the in vitro destruction of HeLa malignant tumour
cells [31]. Vanadium is also an important micronutrient. It is present in trace amounts in
the human body but affects the normal functioning of the body. Vanadium deficiency can
increase the likelihood of atherosclerosis and diabetes, and stunt adolescent growth. The
data shows that vanadium plays a significant role in both technology and living systems.
Therefore, it seems that the effects of vanadium compounds on biological systems, and in
particular the effects of organic compounds on the lipid bilayer acting as the structural core
of all biological membranes, should be further investigated.

Liposomes, which are relatively easy to produce in the laboratory, are a good model
for the lipid bilayer of natural biological membranes. The production of liposomes often
involves natural and synthetic lecithin [32–34]. The use of the electron paramagnetic
resonance (EPR) technique with spin probes makes it possible to track the changes that
occur in the membrane across its cross-section under the influence of various physical or
chemical stimuli [35–38].

The purpose of this work is to expand on the research presented in a previous publica-
tion [39] that concerned the effect of vanadium compounds (Vanadium(IV)-Oxy Acetylace-
tonate and Vanadium(III) Acetylacetonate) on DPPC lecithin model membranes. In this
work, studies were carried out on the effect of large molecules—three vanadium complexes
of different structures—on the structural properties of membranes obtained by sonication
of DPPC and EYL lecithin. To date, the influence of these compounds has not been studied
in terms of their effect on membranes, in particular on liposome membranes serving as a
good model of biological membranes. At physiological temperatures, the lipid bilayer of
DPPC liposomes is in the gel phase, while the lipid bilayer of EYL liposomes is in the liquid
crystalline phase. The diffusion of vanadium complexes into the centre of the bilayer is
likely to be more difficult in the case of DPPC membranes as compared to EYL membranes
in the liquid crystalline phase. As EYL and DPPC membranes are very similar (identical in
the surface layer), EPR studies using the appropriate spin probes allow for the comparison
of the effect of the complexes on the fluidity of the membranes in both phases.

Three vanadium complexes with Schiff base-type tetradentate ligands were selected
for this study. Schiff bases containing an azomethine (-HC=N-) or imine (>C=N-) group
are some of the most important classes of organic ligands for transition metal complexes
because they are able to stabilize many metals in various oxidation states [7,8]. Their
structure can be easily changed to modify the electronic and steric environment around
the metal, and thus modify the performance of the synthesized complexes. The studied
complexes of general formula N,N′-1,2-cyclohexylenebis(3,5-dichlorosalicylideneiminate)
(V1); LVCl2 (L = N,N′-1,2-cyclohexylenebis(5-chlorosalicylideneiminate) (V2); N,N′-1,3-
propylenebis (salicylideneiminate) (V3) are shown in Figure 1. As can be seen, complexes
V1 and V2 have a similar molecular structure, differing only in substituent (Cl or H) at
position 3 on the aromatic rings. Complex V3 has a slightly different structure. It contains
a propylene bridge between nitrogen atoms instead of a cyclohexylene linker, and it has
unsubstituted aromatic rings. The studied vanadium complexes, upon activation with an
appropriate organoaluminium compound, were previously used in the polymerization
of olefins (ethylene and 1-octene) [40–42]. It was demonstrated that structural changes
of the tetradentate Schiff base ligand in the complex (both the type of bridge and the
type of substituent on the aryl rings) affect the activity of the catalytic system in ethylene
polymerization. The presence of the cyclohexylene bridge and the electron-withdrawing
group on the phenolate rings proved beneficial.
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Figure 1. Structure of vanadium complexes.

2. Materials and Methods
2.1. Spin Probes and Lecithin

The spin probes used in the work (Figure 2), 2-ethyl-2-(15-methoxy-15-oxopentadecyl)
-4,4-dimethyl-3-oxazolidinyloxy (16-DOXYL-stearic) acid methyl ester and 2, 2,6,6-Tetra-
methylpiperidine-1-oxyl (TEMPO), as well as synthetic dipalmitoylphosphatidylcholine
(DPPC) lecithin and L-α-Phosphatidylcholine (EYL) egg yolk lecithin (Figure 3), were
purchased from Merck (Poznań, Poland).

Figure 2. Chemical structure of the spin probes TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) and
16-DOXYL(2-ethyl-2-(15-methoxy-15-oxopentadecyl)-4,4-dimethyl-3-oxazolidinyloxy) stearic acid
methyl ester; the position of the spin-active nitroxyl groups was indicated.

Figure 3. Chemical structure of lecithin: DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and EYL
(L-α-Lecithin, Azolectin, 3-sn-Phosphatidylcholine, PC, 1,2-Diacyl-sn-glycero-3-phosphocholine).

2.2. Vanadium Complexes

The vanadium complexes (Figure 1) V1 (N,N′-1,2-cyclohexylenebis(3,5-
dichlorosalicylideneiminato)vanadium dichloride, molecular formula C20H16Cl6N2O2V),
V2 (N,N′-1,2-cyclohexylenebis(5-chlorosalicylideneiminato)vanadium dichloride, molecu-
lar formula C20H18Cl4N2O2V) and V3 (N,N′-1,3-propylenebis (salicylideneiminato)vanadium
dichloride, molecular formula C17H16Cl2N2O2V) were prepared according to the procedure
described in the literature [40–42]. The appropriate ligand was dissolved in dichloromethane,
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and then a solution of VCl4 in hexane was introduced dropwise at the molar ratio of 1:1 in
relation to ligand. The reaction was carried out overnight at room temperature. Then, the
reaction mixture was concentrated. The complex was separated by filtration, washed with
dichloromethane and hexane, and dried under vacuum. Syntheses were carried out under
argon atmosphere. The solvents were dried by standard methods.

2.3. Liposom Membranes

Monolayer liposomes were produced by the sonication of DPPC and EYL in distilled
water using an ultrasonic disintegrator (UD-20; Techpan, Warszawa, Poland). The sonica-
tion time for a single 2 mL sample was 6 min. The process consisted of 6 cycles involving
30 s of sonication and 30 s of cooling. The concentration of lecithin in the sample was 40 µM.
After sonication, the aqueous dispersion of the liposomes was divided into two sections
containing TEMPO and 16DOXYL spin probes, respectively. The concentration of the
probes relative to lecithin (DPPC or EYL) was 500 ppm. The samples containing liposomes
and probes were shaken for 10 min and allowed to stabilize for 15 min. The liposomes
were supplemented with the appropriate vanadium complex, shaken again for 5 min, and
measured in an EPR spectrometer. EPR measurements were performed at constant temper-
ature (22 ◦C) using an X-band spectrometer (SE/X28 Wrocław University of Technology).
The spectra were recorded with the following instrument settings: time constant—0.3 s,
modulation amplitude—0.8 × 10−1 mT, scan time—128 s, and sweep range—8 mT. The
process was repeated several times, each time with a higher concentration of the additive.
The additive concentrations were measured relative to the lecithin in the sample. The EPR
spectra (Figure 4a,b) provide information on the fluidity of the membranes in different
regions. The TEMPO probe dissolves in both aqueous and lipid environments, indirectly
providing information on the fluidity of the surface layer acting as a barrier to the pene-
tration of the lipid environment. The 16DOXYL probe located in the centre of the lipid
bilayer provides information on the fluidity of the inner part of the membrane (Figure 5).
The EPR spectrum of the TEMPO probe was used to calculate the spectroscopic partition
parameter (F) showing how the probe is split between the membrane and its environment.
F is defined as the ratio of the amplitudes of the high-field line in the EPR spectrum of the
probe dissolved in water (P) to the amplitude of the low-field line (H) of the probe dissolved
in the lipid environment (Figure 4a). The F value is related to the fluidity of the membrane
surface layer [38,43]. The spectrum of the 16-DOXYL probe was used to determine the τ
parameter. Its value depends on the degree of fluidity of the membrane in the middle layer,
and it increases with the rise of stiffness (ordering) of the probe environment [38,44,45]. For
an isotropic environment, τ is the probe rotational correlation time (Figure 4b). The relative
measurement errors were as follows: 2.5% for the F parameter and 3% for the τ parameter.

Figure 4. ESR spectra of spin probes placed in the liposome membrane. (a) TEMPO probe and
spectroscopic partition parameter (F); (b) 16-DOXYLstearicacid methyl ester probe and rotational
correlation time parameter (τ); τ = 5.95 · ∆H(I0/I + 1)1/2 + (I0/I−1)1/2 − 2)10−10 [s].
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Figure 5. The location of probes in the lipid bilayer of liposome.

2.4. Computer-Based Model

For mathematical analysis and visualization of the processes that occur in the surface
layer of the membrane, a computer model was developed. The model consists of N (value
declared as a simulation parameter) electric dipoles that can move on the surface of the
membrane and rotate around its own axis perpendicular to the surface of the membrane.
The mobility of the dipoles is declared as a simulation parameter. The energy of the surface
layer of the membrane is described by the Hamiltonian:

H = ∑
(i)

p2
i

2m
+∑

(i)

L2
i

2I
+ ∑

(i<j)
Uij (1)

where m—dipole mass, I—moment of inertia, pi—dipole momentum, and Li—dipole
angular momentum. The first two terms of the equation refer to the kinetic energy of the
dipoles associated with translational and rotational motion. The third term of the equation
represents the Coulomb and Lennard-Jones interactions between all dipoles:

Uij =
e2

4πε0εr

 1∣∣∣∣→d ij+
→
aj−

→
ai

∣∣∣∣ −
1∣∣∣∣→dij−
→
aj−

→
a i

∣∣∣∣ +
1∣∣∣∣→dij−
→
aj+

→
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∣∣∣∣ −
1∣∣∣∣→dij+
→
aj+
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∣∣∣∣
+

4ε


 σ∣∣∣∣→d ij

∣∣∣∣
12

−

 σ∣∣∣∣→d ij

∣∣∣∣
6


(2)

The meanings of vectors a and d are described in Figure 6.
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Figure 6. Parameterization of dipoles.

The model represents a system of dipoles arranged on a round cork floating in a sea
of lipids. The system defined in this way has three degrees of freedom. Two of them
relate to the translational motion of the dipole, and one corresponds to its rotation. In real
lipid membranes, the polar head group (dipoles) forming the surface layer is anchored on
hydrocarbon chains that limit their mobility. The presence of these chains also prevents
the heads (dipoles) from getting closer to one another. In the mathematical model, this
property is represented by the Lennard-Jones potential. The degree of this limitation is set
by the depth of the potential described by the ε parameter. Increasing the value of εmakes
the simulated membrane stiffer. The σ parameter determines the average distance between
the dipoles. It is determined on the basis of literature data. In the case of EYL and DPPC
lecithin, it is about 1 nm. The dynamics of the chains connected to the heads indirectly
affects the dynamics of the heads. However, this is not a strict correlation because the
mobility of the polar head group is significantly lower than the mobility of the hydrocarbon
chains. The rotation time of the polar heads is around 10−9 s, while the oscillation times of
the chains are estimated at 10−14 s. The model assumes that this effect is purely stochastic
and uncorrelated, which is a simplification compared to the real membrane.

The simulation algorithm is based on the Monte Carlo Metropolis algorithm in the
statistical canonical ensemble. In this algorithm, the part coming from the kinetic energy is
calculated analytically, while the part coming from the potential energy is the basis for the
simulation and determines the probability (w) of accepting a randomly selected new state.

w = exp
(
−

∆Ep

kBT

)
(3)

where kB is the Boltzmann constant, T is the temperature, and ∆Ep is the change in the
potential energy of the system between the previous state and the new state. If the new
state leads to a lower energy of the system (−∆Ep), the w parameter is greater than 1.
This means that the state is always accepted. It represents the current state of the system.
When the energy of the system increases, w takes values from 0 to 1 and determines the
probability of accepting the new state. In the equilibrium state, the temperature is related
to the kinetic energy of the dipoles. As the formula shows, an increase in temperature
causes the exponent to decrease so w tends towards unity. This increases the probability
of accepting states with higher potential energy. A new state of the system is created
by changing the position and orientation of a randomly selected dipole according to the
Gaussian distribution.

The aim of the simulation is to show the changes that occur in the surface layer of
the membrane, depending on the degree of its fluidity. In the gel phase, polar heads have
very limited mobility. They form an ordered structure (pseudo-crystalline), which virtually
closes the entrance into the lipid bilayer. The increase in fluidity results in the increase in
the mobility of membrane-building lipid molecules. Therefore, voids are expected to form
in the surface region of the membrane. In the simulation, this is illustrated as the formation
of free spaces between the dipoles representing the polar heads. The degree of fluidity
of the membrane in the simulation is regulated by parameters related to the translational
motion of the dipoles and the rotational speed of the dipoles.
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3. Results

This section is divided into further subsections. It provides a concise and precise
description and interpretation of the experimental results and the experimental conclusions.

3.1. EPR Spectra of Vanadium Complexes

The vanadium complexes (V1, V2, and V3) were dissolved in dimethylformamide
(DMF) and introduced into glass capillaries. The capillaries were successively inserted into
the chamber of the EPR spectrometer. The measurements were carried out at 22 ◦C. The
spectral 8 lines obtained in the study are shown in Figure 7. The spectral parameters and
g values corresponding to the lines are listed in Table 1. The width of the sweep window
was 100 mT, and the sweep time was set at 256 s. The EPR spectra of the complexes are
very similar and typical for vanadium compounds [4,46], except for an additional line at
g = 1.994 in the spectral image of the V1 complex. The g value of this line shows that there
is a certain pool of spins corresponding to weakly bound electrons.

Table 1. Spectroscopic parameters of EPR spectral lines of vanadium complexes.

V3 V1 V2

Line No. dH [mT] Centre [mT] g dH [mT] Centre [mT] g dH [mT] Centre [mT] g

1 1.496 306.146 2.249766 1.554 306.145 2.249773 1.902 306.225 2.249186

2 1.369 316.382 2.176979 1.353 316.406 2.176814 1.647 316.484 2.176277

3 1.211 326.947 2.106632 1.245 326.963 2.106529 1.47 327.022 2.106149

4 1.241 337.945 2.038074 1.232 337.97 2.037923 1.484 338.027 2.03758

5 1.393 349.364 1.971459 1.365 349.268 1.972001 1.669 349.405 1.971228

6 1.634 361.147 1.907137 1.633 361.135 1.907201 1.997 361.156 1.90709

7 1.925 373.247 1.845311 1.932 373.241 1.845341 2.408 373.186 1.845613

8 2.359 385.759 1.785459 2.417 385.736 1.785566 2.951 385.683 1.785811

0 2.842 345.424 1.993946

3.2. Effect of Vanadium Complexes on EYL Liposome Membranes
3.2.1. TEMPO Probe

Figure 8 shows F for the TEMPO probe as a function of the concentration of V2 and
V1 additives. To illustrate the additive-induced changes more clearly, changes in F were
normalized to 1, where F0 is the value for liposomes without an additive and F is the
partition parameter for a given additive concentration. Values above 1 mean that more
probe from the water-lipid dispersion passes into the membrane, which may indicate
an increase in membrane fluidity in its surface layer [32,33,38,43]. The data presented in
Figure 6 show that both vanadium complexes (V1 and V2) significantly increase membrane
fluidity. V1 had a particularly active effect on the surface layer of the liposomes. It
caused a strong, monotonic increase in F/F0 with increasing concentration, except for
the concentration region of 2–3%, where a small plateau (possibly related to the phase
transition) was observed. For membranes with V2, a monotonic increase in F/F0 was also
observed. However, it was less dynamic and without a plateau.

3.2.2. 16DOXYL Probe

Figure 9 shows the rotational correlation time parameter (τ) for the 16DOXYL probe as
a function of the concentration of V1, V2, and V3 additives. Similar to Figure 8, to illustrate
additive-induced changes more clearly, changes in τ were normalized to 1, where τ0 is the
value for liposomes without additive and τ is the parameter value for a given additive
concentration. A τ/τ0 above 1 shows that the probe slowed down the rotation, which
may indicate a decrease in membrane fluidity in the central part of the bilayer. The data
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presented in Figure 8 shows that the vanadium complexes significantly increase the fluidity
of the membrane in its central region. This process was monotonic in the concentration
range of 0% to 2–3%, causing a change in the parameter of 20% for V3, 25% for V1, and
30% for V2. Above these concentration values, the curve flattened, indicating a saturation
of the fluidity process.

Figure 7. Spectroscopic lines of vanadium complexes (V3, V1, V2) dissolved in DMF.
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Figure 8. Effect of the vanadium complexes on the water–EYL liposome membrane interface, as
featured by EPR measurements for the TEMPO spin label. F/F0 represents the relative partition
parameter for spin label; values greater than 1 and less than 1 indicate the increase and decrease in
fluidity, respectively.

Figure 9. Effect of the vanadium complexes on the central part of the liposome EYL membrane as
featured by EPR measurements involving the 16-DOXYL spin label; τ/τ0 represents the relative
rotational correlation time parameter for spin label; values less than 1 and greater than 1 indicate
increase and the decrease in fluidity, respectively.

3.3. Effect of Vanadium Complexes on DPPC Liposome Membranes
3.3.1. TEMPO Probe

Figure 10 shows F for the TEMPO probe placed in an aqueous dispersion of liposomes
formed from DPPC as a function of the concentration of V1, V2, and V3 additives. As
in the previous cases, the changes in the partition parameter of the TEMPO probe are
presented in relative units normalized to 1. V2 had virtually no effect on the changes in
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F. Only a slight tendency towards stiffening of the membrane surface layer was observed,
as evidenced by a slight decrease in F/F0. The changes were stronger for V3 and V1. For
V1 in the 0–2% concentration range, there was a decrease in F/F0 of about 15%, to 0.85.
Above 2% concentration, the changes of the parameter stabilized as it fluctuated around
0.85. A similar effect was observed for V3. However, the greatest decrease in F/F0 was
achieved for the 3% additive concentration. Again, above this concentration, the changes of
the parameter stabilized, and it fluctuated around 0.85. In general, it can be concluded that
the effect of the complexes on the changes in F was much weaker for DPPC membranes
than for EYL membranes, and surprisingly, it slightly stiffened the liposome membranes.

Figure 10. Effect of the vanadium complexes on the water–DPPC liposome membrane interface, as
featured by EPR measurements for the TEMPO spin label. F/F0 represents the relative partition
parameter for spin label; values greater than 1 and less than 1 indicate the increase and decrease in
fluidity, respectively.

3.3.2. 16DOXYL Probe

Figure 11 shows τ for the 16DOXYL probe placed in an aqueous dispersion of lipo-
somes formed from DPPC as a function of the concentration of V1, V2, and V3 additives.
As in the previous cases, the changes in the rotational correlation time parameter of the
TEMPO probe are presented in relative units normalized to 1. The data presented in Fig-
ure 8 shows that V2 and V1 slightly fluidized the central part of the lipid bilayer, while
V3 stiffened this region. Again, the changes induced by the vanadium complexes were
significantly smaller than for the EYL liposome membranes. Only V3 caused a slightly
larger change in τ/τ0 of about 10–15% for the 5–7% additive concentration range. The
occurrence of an extreme at a value of about 6% for this compound is also surprising. This
may indicate that the kinetics of V3 dissolution in the lipid environment of the membrane
is complex. For V2 and V1, no effect on τ/τ0 was observed up to a concentration of 7%.
Above this concentration, V2 caused a slight change in the parameter (<10%), which may
indicate a slight fluidization of the membrane in its central region.
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Figure 11. Effect of the vanadium complexes on the central part of the liposome DPPC membrane,
as featured by EPR measurements involving the 16-DOXYL spin label; τ/τ0 represents the relative
rotational correlation time parameter for spin label; values less than 1 and greater than 1 indicate the
increase and decrease in fluidity, respectively.

4. Conclusions

The conclusions from the study are as follows: The vanadium complexes have a
stronger effect on the fluidity of the membranes of EYL liposomes compared to DPPC
liposomes. This is because the membranes of EYL liposomes at 22 ◦C (temperature of the
experiment) were in the liquid crystalline phase, while the membranes of DPPC liposomes
were in the gel phase. As reported in [38], the surface part of the lipid bilayer of membranes
located in the liquid crystalline phase has gaps of different sizes (Figure 12), through which
molecules of the vanadium complexes can diffuse deep into the lipid bilayer. In addition,
the hydrocarbon chains of the membrane-building lipids are more mobile in the liquid
crystalline phase than in the gel phase, which favours the dissolution of the additives. The
relationship is clearly illustrated by the graphs shown in Figures 7 and 9. In the liquid
crystalline phase, the changes induced by the additives were evident, changing τ/τ0 in
the 25–35% range. In the gel phase, V2 and V1 did not induce any changes in τ/τ0 at low
concentrations. The negligible effect of the vanadium complexes on the fluidity of the
DPPC membranes as compared to the EYL membranes is due to the compact structure of
the polar head groups in the gel phase (Figure 12). Computer simulations of this layer [38]
show that a number of defects can be formed when the membrane is in the liquid crystalline
phase. Given the size and number of such gaps (defects) in the compact structure of the
membrane surface, hydrophobic molecules were able to penetrate its interior. The greater
influence on the membrane fluidity of the DPPC liposomes of V3 (Figure 11) is due to
its different molecular structure as compared to V2 and V1 (Figure 3). It was probably
easier for it to pass through the polar head group’s region and penetrate into the central
part of the lipid bilayer. The exceptionally strong effect of V1 on the surface layer of EYL
liposomes (Figure 8) is due to the presence of a certain pool of relatively weakly bound
electrons in the structure of the molecule that can easily interact with the surface region of
the membrane. This is shown in Figure 7. For V1, the spectral line marked “0” corresponds
approximately to the value of g = 2 (Table 1), which is typical for weakly bound electrons.
The EPR spectra of V3 and V2 did not have the line.
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Figure 12. Images of bitmaps obtained in the process of simulating the surface layer of lipid mem-
branes. The surface layer in the simulation is represented by a system of 30 × 30 electric dipoles.
The dipole dimensions were set at 0.5 nm, in accordance with the dimensions given in [47] for
phosphatidylcholine. Bitmaps: (A)—gel phase (DPPC liposomes), (B,C)—transition state between
the gel phase and the liquid crystal phase, (D)—liquid crystalline phase (EYL liposomes).

The effect of the vanadium complexes on the fluidity of the liposome membranes
strongly depends on the phase. There are two different effects observed for the same
complexes: a strong increase in the fluidity of the membranes that were in the liquid
crystalline phase and a slight decrease in the fluidity of the membranes that were in the gel
phase. Furthermore, the effects of the complexes in the liquid crystalline phase are several
times stronger than in the gel phase, which is probably due to the gaps in the polar head
group layer. This may have important implications for further research in some areas of
medicine and pharmacy (controlled drug release, drug absorption by cells), as well as in
the areas of technology involving the transport of active substances across semipermeable
membranes. It seems that the critical point here is to precisely control the fluidity of the
surface layer of the membranes by controlling the number and size of the gaps.

Author Contributions: Conceptualization, D.M.; methodology, D.M. and M.B.; software, D.M.;
validation, D.M., B.P. and M.B.; formal analysis, D.M.; investigation, D.M. and B.P.; resources, D.M.;
data curation, D.M. and B.P.; writing—original draft preparation, D.M.; writing—review and editing,
D.M. and B.P.; visualization, B.P.; supervision, D.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2023, 13, 3272 13 of 14

References
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