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Abstract: Pronucleotides, after entering the cell, undergo chemical or enzymatic conversion into
nucleotides with a free phosphate residue, and the released nucleoside 5′-monophosphate is then
phosphorylated to the biologically active form, namely nucleoside 5′-triphosphate. The active form
can inhibit HIV virus replication. For the most effective therapy, it is necessary to improve the
transport of prodrugs into organelles. The introduction of new functional groups into their structure
increases lipophilicity and, as a result, facilitates the interaction of pronucleotide molecules with com-
ponents of biological membranes. Studies of these interactions were performed using the Langmuir
technique. The prototype of the biological membrane was a thin monolayer composed of phos-
pholipid molecules, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine). The pronucleotides were
3′-azido-3′-deoxythymidine (AZT) analogs, formed by the phosphorylation of AZT to monophos-
phate (AZTMP) and containing various masking moieties that could increase their lipophilicity. Our
results show the influence of the pronucleotide’s chemical structure on the fluidization of the model
biomembrane. Changes in monolayer morphology in the presence of prodrugs were investigated by
BAM microscopy. It was found that the incorporation of new groups into the structure of the drug as
well as the concentration of AZT derivatives have a significant impact on the surface properties of
the formed DPPC monolayer.

Keywords: anti-HIV pronuclotides; azidothymidine derivatives; DPPC; Langmuir monolayer; π–A
isotherms; relaxation of the phospholipid film; BAM microscopy

1. Introduction

HIV remains a major global public health issue, having claimed an estimated
42.3 million lives to date [1]. Transmission is ongoing in all countries around the world.
Despite intensive research, to date, there is no effective vaccine or drug that would com-
pletely eliminate HIV from the patient’s body. Modern medicine has made it possible to
maintain the virus at a level that does not cause AIDS, provided that appropriate drugs
are used continuously. Therefore, the use of a multidrug approach in combating HIV is
justified and necessary, and this creates a continuing need for new anti-HIV drugs.

Nucleoside analogs are widely applied in antiviral therapy [2–4]. Nucleoside/nucleotide
analogs are prodrugs because after entering the cell, they must be phosphorylated by
cellular kinases to the corresponding mono-, di-, and triphosphates (ddNTPs), which are
proper inhibitors of viral RNA synthesis. However, some of these compounds (e.g., ddU)
were found to be weak substrates for cell kinases [5], making them therapeutically useless.
Due to several limitations of nucleoside-based drugs, the idea of pronucleotides arose. They
were designed to bypass the first, but crucial, and at the same time, most therapeutically
chimeric step of the phosphorylation of the nucleoside analog to monophosphate in the
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cell [6,7]. According to this concept, a prodrug would be a properly protected nucleotide-
pronucleotide, from which, after entering the cell, the protective groups of the phosphate
residue are removed (as a result of chemical hydrolysis or/and with the participation of
cellular enzymes), and the nucleoside 5′-monophosphate is released and then phospho-
rylated to diphosphates and, finally, to biologically active nucleoside 5′-triphosphates [8]
(Figure 1). This approach has been successfully applied for the development of antiviral
drugs (e.g., for the treatment of HIV, HCV, or, recently, SARS-CoV-2) [9–14].
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Unfortunately, this seemingly simple concept of pronucleotides is difficult to imple-
ment. Ideally, a prodrug should be chemically and enzymatically stable in the blood but
rapidly degraded to the active parent compound once it reaches the target tissue and, most
importantly, it should enter the target cell, i.e., the site of action. In the small molecule drug
discovery system, there is one fundamental question that remains unanswered: how do we
deliver an active drug to a molecular target? It is particularly difficult to achieve the desired
distribution of the inhibitor in vivo when the target is intracellular and the mechanism
of action of the inhibitor requires a chemical that has inherently poor permeability and
access to the target tissue, for example, inhibitors that are predominantly charged and,
therefore, highly polar at physiological pH, such as phosphates. Chemical modifications
are usually intended to improve membrane permeability. For this purpose, in the concept
of pronucleotides, masking groups are used on the nucleoside phosphate residue. The
main task of these groups is to increase the lipophilicity of the compound so that it can
penetrate the cell membranes and be metabolized inside the cell to the biologically active
nucleoside 5′-triphosphate.

However, it is necessary to look closely at the biomembrane structure and possible
transport mechanisms across it to efficiently design the chemical structure of the pronucleotide.

The main components of the cell membrane are lipids, proteins, and carbohydrates [15–17].
Lipids include phospholipids, sphingolipids, and cholesterol [8,18,19]. The first two have
an amphipathic nature. They are composed of hydrophilic (“head”) and hydrophobic
(“tail”) parts that determine the formation of the bilayer structure. Among the lipids,
phospholipids are most common in cell membranes. They form a compact bilayer due to
the presence of a phosphate group, which is connected to the hydrocarbon chains [20–22].

The hydrophobic tails belonging to both lipid layers come closer to each other be-
cause of van der Waals bonds, while the hydrophilic “heads” are directed toward the
cytoplasm and outside the cell. This arrangement is important for the membrane—only
small molecules or non-polar compounds can diffuse through the lipophilic layer [23]. The
fluid mosaic model proposed by S.J. Singer and Garth L. Nicolson in 1972 allowed the
visualization of many properties of the cell membrane [24]. The cell membrane consists of
phospholipids that form a bilayer lipid membrane [25]. The degree of fluidization has been
shown to depend on the composition and type of lipids that make up the biomembrane. The
packing of hydrophobic tails plays an important role because it determines the membrane’s
viscosity [20,26–28]. Moreover, the number of unsaturated bonds in phospholipids also has
an influence on transport through the membrane. The presence of these bonds causes the
hydrocarbon chain to bend and the lipids to move away from each other, which, in turn,
increases the fluidity of the membrane. Saturated lipid acyl chains tend to form non-fluid
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tightly packed gel phases at physiological temperatures, whereas unsaturated lipid acyl
chains fluidize the bilayer [29]. Lipid molecules can not only bend their non-polar tails but
also rotate them around their axis [20,26,30–33]. The most widely occurring phospholipid
is phosphatidylcholine, e.g., DPPC, DOPG, and DPPE [34]. Drug interactions with DPPC
molecules have been shown to change the membrane permeability and determine their
transport to organelles [35,36].

Biological membranes are complex structures; therefore, many simplified models of
biological membranes have been developed [37–39]. Understanding the mechanisms of
mutual interactions between membrane components, such as phospholipids and active
substances, has become crucial. The Langmuir technique is one of the methods for forming
and investigating biomimetic systems. The one-molecule-thick lipid film is formed as a
monolayer, providing a useful model system for studying the lateral packing interactions
of lipids in each leaflet of a biomembrane [40,41]. The phospholipid monolayers formed by
the Langmuir technique are two-dimensional asymmetric structures with planar geometry.
A Langmuir monolayer represents half of a biological membrane; therefore, it is less suited
to study transmembrane processes, although it can certainly be applied to mimic processes
taking place at membrane surfaces. This method allows the creation of well-defined
stable structures and makes it possible to precisely control the membrane composition,
the molecular areas of lipids, physical states, molecular packing, the lateral pressure of
membranes, and experimental conditions, such as temperature or pH. The Langmuir
technique allows the analysis of physicochemical changes that occur in the lipid membrane
in the presence of therapeutic compounds at the molecular level [33,36,39,41–43].

One of the characterization methods of Langmuir monolayers is the analysis of the
π–A isotherm. The isotherm run shows the dependence of the surface pressure (π), which is
the difference between the surface tensions of the pure subphase and the subphase covered
with a monolayer of phospholipids, on the average area per molecule in the thin film (A).

Introducing an amphiphilic substance under the monolayer to the subphase causes a
change in the surface pressure of the lipid film and, consequently, a change in the isotherm
run. The π–A isotherm provides information on the possibility of the interaction of ac-
tive molecules with lipids or proteins. It determines the affinity of these substances to
the components of biomembranes and the degree of incorporation into the membrane
structure. The observed phase behavior of the monolayer is mainly determined by the
physicochemical properties of the amphiphilic lipid, the subphase temperature, and compo-
sition. The two most commonly observed monolayer states, i.e., the liquid-expanded (LE)
and liquid-condensed (LC) ones, are analogous to the liquid-crystalline and gel states in
bilayers, respectively [44,45]. A lipid monolayer is also characterized by changes in terms of
two-dimensional compressibility (Cs) and is usually expressed as the surface compressional
modulus (Cs

−1) [28,36,40]. To obtain more information about the incorporation of a given
substance into a membrane, it is possible to study the relaxation of a monolayer. For this
purpose, a monolayer is spread at the air–water interface and kept at a predetermined
constant surface pressure. Moreover, the Langmuir technique is often supplemented with
BAM microscopy, which allows us to observe changes in the membrane morphology during
the compressing process.

We believe that the results obtained by the Langmuir monolayer technique will expand
our understanding of the interaction mechanism of selected potential NRTIs (nucleotide
reverse transcriptase inhibitors) with components of biological membranes. In our studies,
the Langmuir technique was used to describe the influence of the chemical structure of
prodrugs on the physicochemical properties of the phospholipid monolayer (DPPC). We
believe that the knowledge gained will help us choose the right direction in the future
design of new anti-HIV pronucleotides.
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2. Results and Discussion
2.1. The Influence of the Chemical Structure of the Pronucleotide on the Interactions with the
DPPC Monolayer

The chemical structures of the analyzed pronucleotides were modified by substituting
different masking groups within the phosphate moiety, as shown in Table 1.

Table 1. Chemical structures of AZT derivatives.

Substance Chemical Structure Molar Mass
[g/mol]

AZTMP C10H12N5O7P2− Na+
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The application of masking groups is intended to support the transport of AZTMP
through the cell membrane because the negative charge on the phosphate group prevents
its easy penetration [46]. Therefore, the “pronucleotide approach” was developed, in which
the phosphate group of the nucleotide analog is suitably protected and, as an uncharged
form, is able to cross the cell lipid barrier. The proof of the validity of this approach is the
presence of two pronucleotides (tenofovir disoproxil and tenofovir alafenamide) on the
pharmaceutical market, used in the treatment of HIV and HBV. Surprisingly, later studies
showed that pronucleotides do not have to be fully neutral, and those with only a partly
removed negative charge showed very high antiviral activity [12,13,47,48] This implied
that such compounds were able to permeate the cell membrane. To shed some light on this
intriguing phenomenon, studies on the interaction of pronucleotide molecules with the
DPPC monolayer as a model biomembrane were performed. Four structures were chosen
as model compounds: AZT monophosphate without any protective groups (AZTMP),
AZT ethyl phosphodiester (1), with one negative charge and a moderately lipophilic ethyl
group, AZT phenyl phosphodiester (2), with one negative charge and a lipophilic phenyl
group, and AZT phosphorodianilidate (3), which is uncharged and bears two lipophilic
anilidate groups.
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Figure 2 illustrates the π–A isotherms obtained for DPPC and pronucleotide solutions
at a concentration of 5 mg/L. The π–A isotherm lift-off occurs at different area per molecule
values (Alift-off), depending on the chemical structure of the substances tested. The values of
the Alift-off parameter are presented in Table 2. Azidothymidine monophosphate (AZTMP)
is a compound that does not have any masking group attached to the phosphate group
in its chemical structure. The addition of AZTMP to the subphase causes a slight shift of
the π–A isotherm toward higher values of the average surface area per molecule in the
monolayer with respect to the DPPC isotherm. The Alift-off value for the DPPC/AZTMP
system is ca. 92 Å2/molec., while for the DPPC isotherm, the Alift-off oscillates around 85
Å2/molec. A significant effect of the π–A isotherm shift is observed for the structure with
two anilidate groups (derivative (3), Table 1). For this system, Alift-off is ca. 108 Å2/molec,
which probably results from the planar orientation of the anilidate groups at the air–water
interface. However, during the compression of the mixed monolayer DPPC/(3), one can
observe strong condensation at high surface pressure, which was greater than 35 Å2/molec.
(Figure 2).
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Table 2. The characteristic parameters of π–A isotherms: Alift-off—lift-off area of surface pressure,
Acollapse—area corresponding to the monolayer collapse, πcollapse—collapse pressure [mN/m], max.
Cs

−1—maximum value of the compression modulus [mN/m], and πmax—maximum values refers
to Cs

−1
max.

Alift-off
[Å2/molec.]

Acollapse

[Å2/molec.]
πcollapse
[mN/m]

Amax
[Å2/molec.]

πmax
[mN/m]

Cs−1max
[mN/m]

DPPC 85.1 32.9 58.4 40.2 42.3 270.5

DPPC/AZTMP 92.2 31.5 58.9 39.8 44.8 171.8
DPPC/(1) 88.2 32.8 56.9 41.7 40.2 264.8
DPPC/(2) 82.4 27.7 53.0 36.8 37.2 245.3
DPPC/(3) 108.1 36.3 44.5 42.3 34.6 142.1
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A similar effect was observed by Peters et al. [49], who studied how minor differ-
ences in small molecules (isoniazid, benzhydrazide, isonicotinamide, nicotinamide, pi-
colinamide, and benzamide) can affect their interactions with model membranes (DPPC
monolayer). They have also shown that of all the compounds, only the benzamide molecule
caused a decrease in area per phospholipid for DPPC at higher surface pressures (above
15–20 mN/m), suggesting that this compound either reorganized DPPC to condense further
or assisted in the solvation of the DPPC molecules.

The increase in the molecular area per lipid before compressing the monolayer was
due to the insertion of the benzene rings with a characteristic size and hydrophobicity;
therefore, it is expected that derivative (3) can also significantly influence the molecular
packing. The p-orbitals of the carbon atoms overlap to produce six p molecular orbitals that
extend around the benzene ring. Due to their polar nature, the benzene groups interact with
the polar subphase and are hydrated by water molecules. Molecular dynamics studies [50]
have proven that most of the benzene rings are hydrated due to their polar nature, while
the degree of hydration gradually decreases along the carbon chain. Only a small fraction
of the water molecules penetrate the hydrocarbon tail part, suggesting that head groups
and benzene ring groups help water molecules penetrate the monolayer film.

The DPPC isotherm has a characteristic phase transition region in the pressure range
of 5–7 mN/m. The surface pressure value does not change with the compression of the
DPPC monolayer, indicating the coexistence of two phases, i.e., LE and LC, in the formed
lipid film [51]. In the LC/LE phase coexistence region, the DPPC film becomes a mesh
of finely divided LC/LE domains. This specific structure of the film has been shown
to be associated with density fluctuations, which may contribute to the flexibility and
strength of the monolayer of lipids [52]. This characteristic transition is also clearly visible
as a horizontal plateau in the run of the π–A isotherm obtained for the DPPC/AZTMP,
DPPC/(1), and DPPC/(2) systems. No plateau can be seen in the course of the π–A
isotherm for derivative (3). The addition of this compound to the subphase causes a
stronger fluidization of the phospholipid monolayer. The presence of derivative (3) impacts
the interactions between DPPC molecules, which is reflected in the change in the π–A
isotherms run (Figure 2a). Cutro et al. [53] have suggested that this behavior can be
ascribed to a different conformation of the phenyl group on the aqueous phase. They
have found that phenyl group inserts in open spaces in the DPPC monolayers result in
a higher area per lipid and lower compressibility. This insertion would account for the
partial disappearance of the coexistence in the DPPC curves, as shown for derivative (2),
and the total disappearance for derivative (3) (Figure 2a).

Dynarowicz-Łątka et al. [54] also did not observe a plateau for polyphenyl carboxylic
acid (PTCA) after it was substituted by the p-nitrophenyl or bi-phenyl groups. Moreover,
the presence of these groups also increased the molecular area compared to that of the
parent PTCA. This effect is very similar to that observed for our systems in comparison
to that observed for AZTMP molecules. We suppose that the aromatic rings can rotate
with respect to each other, thus adopting different conformations. The bond connecting
the phenyl groups is essentially a single bond with some double bond character [55]. The
variation of a single–double bond character has been reported to depend on the presence of
electron-withdrawing/electron-releasing substituents on the phenyl ring and may restrict
the rotation of phenyls [53]. The phenyl group can occupy a large area at the interface at
the beginning of the monolayer compression. Electrostatic interactions between the phenyl
ring and water molecules causes the ring to be orientated horizontally at the interface.
The rings change configuration and strongly interact with lipids during the compression
of the mixed monolayer. Cutro et al. [51] have found that the interaction of phenyl with
phospholipids in the interface regions generates a reconfiguration of the lipid arrangement
with areas of higher lipid packing. This new arrangement in the monolayer causes the
existence of a higher orientation of dipoles of lipid and water molecules, contributing to
a higher overall dipole moment. They also proposed that phenyl groups may organize
on the surface of the lipid arrangements, suggesting that a film is adsorbed on the lipids
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rather than being inserted at pH = 7.3. According to the results obtained by Saha [56],
the phenyl molecules interact mostly with the head group of the lipid monolayer without
directly affecting the hydrophobic interaction with the tail region at neutral pH. Saha et al.
have observed a decrease in the surface pressure at neutral pH, implying an increase in
the surface tension toward values of pure water. They suggested that condensation of
lipids occurs to some extent on the surface, exposing water regions. Thus, it implies that
the Phe (phenyl) molecules interact with the DPPC monolayer in such a manner that the
DPPC molecules come closer, creating some vacant space for additional water molecules to
be exposed. Based on our results, one can conclude that π–A curves obtained for mixed
monolayers containing derivatives with phenyl groups ((2) or (3)) can be compressed to
a lower available area at the interface in comparison to the DPPC monolayer. During
compression, water molecules can be pushed into the subphase, and the highly condensed
lipids will take up much less space at the available interface area.

The parameters obtained for systems with AZTMP or derivative (1) have shown that
the incorporation of the ethyl group into pronucleotide molecules has a slight impact on
the physicochemical properties of the monolayer of lipids. The collapse parameters have
similar values for only the DPPC and DPPC/AZTMP systems, but for derivative (1), the
collapse point occurred for the lower value of the surface pressure. The impact of chemical
structure on the physical properties of the membrane has been observed for derivatives
with one or two phenyl groups. For derivatives (2) and (3), lower values of the collapse
points were reached compared to the DPPC monolayer (Table 2). This may confirm that
phenyl groups strongly interact with DPPC molecules, disturbing the stability of the lipid
monolayer. In Figure 2b, the compressibility modulus values and their variations as a
function of the surface pressure have been presented. The compressibility modulus gives
a quantitative measure of the state of the monolayer. The Cs

−1 value has indicated that
the mixed monolayer formed by DPPC and derivative (3) molecules is not densely packed.
We suppose that this effect is a consequence of the specific arrangement of two anilidate
groups at the interface.

The hydrophobicity of a phenyl group is comparable to that of four methylene
groups [52]. Therefore, we expected (2) and (3) to form more stable monolayers due to
enhanced hydrophobicity, in contrast to the AZTMP molecule. Moreover, the introduction
of polar groups such as nitro or amino groups into the phenyl ring allows for the disruption
of the hydrophilic–hydrophobic balance that exists in the AZTMP molecule. Generally, the
addition of a polar group can increase the affinity for the model cell membrane formed
by DPPC.

The next studies included an analysis of the relaxation of the DPPC monolayer in the
presence of pronucleotide solutions. Pumping these solutions under the DPPC monolayer
caused its partial degradation. The lipid film degradation was similar for almost all
derivatives considered and led to a loss of ca. 10% of the particles from the interface after
50 min. Figure 3 presents the relaxation curves for the investigated systems.

In our study, we investigated how the small difference in the chemical structure of
the AZTMP derivative impacts the model membrane. Thus, we chose two derivatives
with polar ((1) and (2)) and uncharged molecules (3). As presented in Figure 3, the run of
the relaxation curve for derivative (2) differed significantly from the other systems. The
degradation process was very intensive because 10% of the film was lost after 15 min,
and finally, 20% of the film was degraded after 50 min. The molecules of derivative (2)
interacted particularly strongly with the lipid film in contrast to derivative (3).
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For all derivatives, one can observe a positive correlation, e.g., a higher concentration
of the pronucleotide in the subphase results in a greater lift-off mean area occupied by the
molecules at the interface (A). Increasing the concentration of derivatives in the subphase
allows more molecules to be adsorbed at the air–water interface, and, simultaneously,
pronucleotides interact strongly with phospholipids, thus changing the course of π–A
isotherms. For derivative (3), its higher concentration (60 mg/L) was found to change
the run of π–A isotherms dramatically. The high concentration of derivative (3) caused a
higher initial surface pressure of the subphase. This means that derivative (3) molecules at
60 mg/L characterize the surface activity well, and they transfer to the interface quickly.
The mixed monolayer containing DPPC and the molecules of derivative (3) could not be
compressed to the collapse point due to experimental equipment limitations. Therefore, it
only included the maximum parameters obtained for this system (Table 3).

Table 3. The characteristic parameters of π–A isotherms: Alift-off—lift-off area of surface pressure,
Acollapse—area corresponding to the monolayer collapse, πcollapse—collapse pressure [mN/m], max.
Cs

−1—maximum value of the compression modulus [mN/m], Amax, and πmax—maximum values
refer to max. Cs

−1.

Substance Concentration
[mg/L]

Alift-off
[Å2/molec.]

πcollapse
[mN/m]

Acollapse

[Å2/molec.]
Cs−1max
[mN/m]

Amax
[Å2/molec.]

πmax
[mN/m]

DPPC - 85 58.4 32.9 270.5 40.2 42.3

AZTMP
5 92 58.9 31.5 171.8 39.8 44.7

30 94 62.6 31.6 205.1 39.0 47.2
60 102 58.5 33.2 212.2 40.8 42.7

(2)
5 82 53.0 27.7 245.2 36.8 37.2

30 110 51.8 36.7 163.7 45.4 40.7
60 109 56.8 31.7 195.0 40.2 43.2

(3)
5 108 44.5 36.3 142.1 42.3 34.6

30 110 55.9 31.0 211.2 38.3 44.1
60 222 15.5 * 58.8 * 58.8 25.7 15.5

* value corresponds to the available maximum compression.

Based on our results, it can be seen that the presence of derivative (3) reduces the
monolayer stability, regardless of the concentration, and forms a film with the collapse at a
lower surface pressure. However, we did not observe a positive correlation between the
concentration of pronucleotides in the subphase and the stability of the formed film. It can
only be stated that a higher concentration of pronucleotides enhances stronger interactions
with DPPC molecules, which leads to the characteristic plateau disappearance of the lipid
film. The plateau completely disappeared in the presence of derivative (3) at a concentration
of 60 mg/L.

The concentration of pronucleotides affected the compressibility of the mixed films
created. Generally, less packed films were obtained for lower concentrations of drugs, i.e.,
5 or 30 mg/L. The most expanded monolayer was formed by the DPPC/(3) system at
5 mg/L (Cs

−1 = 142 mN/m).
The Brewster angle micrographs (BAM) of the expanded phase to the condensed phase

transition in mixed systems containing pronucleotides and DPPC molecules are shown
in Figure 5.
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The images for the DPPC with AZTMP, DPPC/(1), and DPPC/(3) systems indicate the
formation of mixed films with different morphology. The DPPC/AZTMP mixed monolayer
had a morphology similar to that of the DPPC film. The formation of three-dimensional
structures was visible close to the collapse point. In the case of a much higher concentration
(at 60 mg/L), the aggregates were not visible. However, the coexistence of two phases, i.e.,
liquid and condensed, is clearly visible for the system containing derivative (1), especially
at a surface pressure of 20 mN/m. Further compression caused this effect to disappear.
The mixed monolayer consisting of DPPC and derivative (3) molecules formed the film
with the two phases co-existing and was visible all the time during the compression of the
film. The influence of concentration on film morphology was particularly visible for the
mixture containing AZTMP molecules. A 12-fold increase in the particle concentration of
AZTMP in the subphase caused the formation of a densely packed and uniform film at the
beginning of the condensing process. As a result, the created film was so stable that the
morphology did not change during compression, opposite to the monolayer formed by a
lower amount of AZTMP molecules.

Figure 6 shows the effect of pronucleotide concentration on DPPC monolayer relax-
ation. It can be observed that at the middle concentration (30 mg/L), the drug interacted
strongly with the lipid film and caused the desorption of the lipids into the subphase.
However, the addition of pronucleotides at a concentration of 60 mg/L affected the stability
more strongly than at lower concentrations.
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The molecules of AZTMP are electrically charged; so, it is suspected that the polar
heads of the phospholipid and the negatively charged phosphate group of AZTMP attracted
each other. It is possible that as a result of electrostatic interactions, AZTMP molecules were
located under the phospholipid molecules, formed the supported layer, and enhanced the
stability of the DPPC monolayer. The same effect was observed for molecules of derivative
(2). However, for a high concentration of derivative (3), one can see a slightly small increase
in the initial value of A/A0 (ca. 1%), which can indicate the incorporation of pronucleotides
into the DPPC monolayer.

3. Materials and Methods
3.1. Structures of Pronucleotides

For the purpose of these studies, we chose 3′-azido-3′-deoxythymidine (AZT) analogs
as model compounds. AZT (zidovudine, Retrovir®) was the first drug approved for
clinical use by the FDA (1987) for AIDS patients [57], and although it is still used today,
pronucleotides containing this nucleoside analog in their structure are preferred [58].
All these compounds were obtained using previously published methods [59–62]. The
structures of these prodrugs were chosen so that they differed in the number of charges
and the lipophilic–hydrophilic nature of the masking groups (Table 1).

3.2. Chemicals

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 99%; from Sigma Aldrich, Poz-
nan, Poland) was used as the lipid film-forming substance. Chloroform of high-purity
Uvasol (Merck, Warszawa, Poland) was applied to prepare the Langmuir monolayer.

3.3. Methods
3.3.1. π–A Isotherms

The subphase was a water solution containing AZTMP and derivatives with appropri-
ate concentrations. Ultrapure water produced by a PureLab Classic (ELGA, Poznan, Poland)
water purification system coupled with a Milli-Q water purification system (resistivity:
18.2 MΩ·cm) was used as a subphase. The Teflon trough and probes were washed and
rinsed with isopropanol and ultrapure water. The subphase was placed in a Teflon trough
(KSV Nima, Helsinki, Finland) with a surface area of 238 cm2. After that, the solution
of DPPC with a concentration of 1 mg/L was spread on the subphase by a microsy-
ringe (25 µL). Then, the chloroform from the interface was left to evaporate for 15 min.
The monolayer was compressed by symmetrical movement of the barriers with a ve-
locity of 10 mm/min. During the measurements, the temperature was kept constant at
25.0 ± 0.1 ◦C with a Julabo circulator. The surface pressure of the floating monolayer was
measured to an accuracy of 0.1 mN/m using a Wilhelmy plate connected to an electrobal-
ance. The surface pressure π (mN/m) was measured as a function of the area per DPPC
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molecule A (Å2/molec.). The compression modulus values, Cs
−1 = f(A), were calculated

directly based on the π–A isotherm. The modulus is defined as follows [63]:

Cs
−1 = −A·(dπ⁄dA)

The Cs
−1 values provide information on the physical state of monolayers strictly

associated with the ordering and packing of molecules at the air–water interface. The
value of Cs

−1 is assumed to be zero for the pure air–water interface and increases with
the presence of active substances at the interface. A higher compression modulus value
corresponds to a less compressible membrane. According to the Davies and Rideal classifi-
cation [63], the gas state (G) is in the range of 0–12.5 mN/m, and the liquid-expanded (LE)
state is characterized by the Cs

−1 modulus values between 12.5 and 50 mN/m, while the
liquid-condensed (LC) state ranges between 100 and 250 mN/m. The Cs

−1 values above
250 mN/m refer to a solid state (S) of the monolayer. Each experiment was repeated at
least three times to ensure the reproducibility of the curves to ±2 Å2.

3.3.2. Relaxation Studies

Relaxation of the DPPC film was observed when additional derivative molecules were
injected into the monolayer using a peristaltic pump (MINIPULS 3, Gilson, Middleton, WI,
USA). Relaxation experiments were performed for the pure DPPC monolayer and mixed
systems: DPPC/derivatives of pronucleotides. The first DPPC solution (20 µL) was spread
on the air–water interface and compressed to a desired surface pressure of 30 mN/m. This
surface pressure value refers to the surface pressure of the natural membrane [64,65]. After
that, the pronucleotide solution was pumped underneath the DPPC film to the subphase.
The flow rate set on the peristaltic pump was 13 mL/min. The pump was turned off after
pumping 130 mL of pronucleotide solution, and the relaxation process was continued while
maintaining a film pressure of 30 mN/m. The observed changes in the mean area per DPPC
molecule were recorded over time: A = f(t). The results are presented as A/A0, which is
the ratio of the actual area per molecule in time t to the initial area per molecule before
pumping the substance (for the DPPC monolayer with π = 30 mN/m). The temperature
of the experiments (25 ◦C) was kept constant and controlled during measurements with a
Julabo F-12 circulator (Cole-Parmer, Wertheim-Mondfel, Germany).

3.3.3. Brewster Angle Microscopy

Brewster angle microscopy (MicroBAM; KSV Nima, Espoo, Finland) was used to
visualize the monolayer morphology. The images were captured during monolayer com-
pression. A black glass plate was placed under the subphase to absorb the refracted beam.
The camera had a field of view of 3.6 × 4.0 mm, with a resolution of approx. 6 microns
per pixel.

4. Conclusions

The occurrence of interactions between the DPPC molecules and the AZTMP deriva-
tives has been confirmed by the runs of π–A isotherms and the relaxation experiments
for the DPPC monolayer in the presence of the considered pronucleotides. The AZTMP
molecule was substituted with masking groups, and the impact of this modification on the
interactions with the phospholipid monolayer was then analyzed. We assumed that the
substituted AZTMP molecule with functional groups would increase the amphiphilic char-
acter of the derivative because of the partial or total elimination of the negative electrostatic
surface charge. The best results were obtained when two anilidate groups were introduced
into the AZTMP molecule (compound (3)). This derivative showed great surface activity
and the strongest fluidization of the DPPC film at low concentrations. However, derivative
(3) with DPPC molecules also formed a tightly packed film at higher concentrations. The
concentration of pronucleotides was shown to strongly affect the surface properties of
the phospholipid film. Masking AZTMP with anilidate groups seems to be the proper
step toward the preparation of more effective pronucleotides. The trend observed in this
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study indicates that these molecules will probably penetrate cell membranes at higher
concentrations. Thus, they are promising compounds for drug transport through model
lipid membranes. However, these studies must be carried out for other components of cell
membranes, such as sterols or other lipids. The presented prototype of the cell membrane
is very simplified, and the experiments performed typically have a cognitive dimension,
providing a direction for further, much more complex research.
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Z.M.; Figlerowicz, M.; Guranowski, A.; et al. Aryl H-Phosphonates 17: (N-Aryl)phosphoramidates of Pyrimidine Nucleoside
Analogues and Their Synthesis, Selected Properties, and Anti-HIV Activity. J. Med. Chem. 2011, 54, 6482–6491. [CrossRef]

14. Pruijssers, A.J.; Denison, M.R. Nucleoside analogues for the treatment of coronavirus infections. Curr. Opin. Virol. 2019, 35, 57–62.
[CrossRef]

15. Zhukov, A.; Popov, V. Eukaryotic Cell Membranes: Structure, Composition, Research Methods and Computational Modelling.
Int. J. Mol. Sci. 2023, 24, 11226. [CrossRef]

16. Van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave. Nat. Rev. Mol. Cell Biol.
2008, 9, 112–124. [CrossRef]

17. Anamourlis, C. The cell membrane. S. Afr. J. Anaesth. Analg. 2020, 26 (6 Suppl. 3), S1–S7. [CrossRef]
18. Epand, R.M. Introduction to membrane lipids. Methods Mol. Biol. 2015, 1232, 1–6. [PubMed]
19. Van’t Hof, W.; Van Meer, G. Chapter 21-Lipid Polarity and Sorting in Epithelial Cells. Curr. Top. Membr. 1994, 40, 539–563.
20. Goñi, F.M. The basic structure and dynamics of cell membranes: An update of the Singer–Nicolson model. Biochim. Biophys. Acta

2014, 1838, 1467–1476. [CrossRef]
21. Nagle, J.F.; Tristram-Nagle, S. Structure of lipid bilayers. Biochim. Biophys. Acta 2000, 1469, 159–195. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/hiv-aids
https://doi.org/10.1128/CMR.00102-15
https://www.ncbi.nlm.nih.gov/pubmed/27281742
https://doi.org/10.1016/j.antiviral.2018.11.016
https://www.ncbi.nlm.nih.gov/pubmed/30529089
https://doi.org/10.2174/1570193X17999200820163234
https://doi.org/10.1128/AAC.33.6.844
https://www.ncbi.nlm.nih.gov/pubmed/2764535
https://doi.org/10.1016/S0968-0896(02)00552-7
https://doi.org/10.1055/s-1998-1637
https://doi.org/10.1016/0166-3542(92)90026-2
https://doi.org/10.18388/abp.1996_4553
https://doi.org/10.1080/15257779908041599
https://doi.org/10.3389/fchem.2020.595738
https://www.ncbi.nlm.nih.gov/pubmed/33282839
https://doi.org/10.1021/jm2001103
https://doi.org/10.1016/j.coviro.2019.04.002
https://doi.org/10.3390/ijms241311226
https://doi.org/10.1038/nrm2330
https://doi.org/10.36303/SAJAA.2020.26.6.S3.2527
https://www.ncbi.nlm.nih.gov/pubmed/25331123
https://doi.org/10.1016/j.bbamem.2014.01.006
https://doi.org/10.1016/S0304-4157(00)00016-2


Molecules 2024, 29, 5787 14 of 15

22. Blanco, A.; Blanco, G. Chapter 11—Membranes. In Medical Biochemistry; Academic Press: New York, NY, USA, 2017; pp. 215–250.
23. Frallicciardi, J.; Melcr, J.; Siginou, P.; Marrink, S.J.; Poolman, B. Membrane thickness, lipid phase and sterol type are determining

factors in the permeability of membranes to small solutes. Nat. Commun. 2022, 13, 1605. [CrossRef] [PubMed]
24. Singer, S.J.; Nicolson, G.L. The fluid mosaic model of the structure of cell membranes. Science 1972, 175, 720–731. [CrossRef]

[PubMed]
25. Martinsen, Ø.G.; Heiskanen, A. Chapter 4—Passive electrical properties of tissues. In Bioimpedance and Bioelectricity Basics, 4th ed.;

Academic Press: New York, NY, USA, 2023; pp. 75–113.
26. Lande, M.B.; Donovan, J.M.; Zeidel, M.L. The relationship between membrane fluidity and permeabilities to water, solutes,

ammonia, and protons. J. Gen. Physiol. 1995, 106, 67–84. [CrossRef] [PubMed]
27. Sezgin, E.; Levental, L.I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, regulation and roles of

lipid rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361–374. [CrossRef]
28. Tripathy, M.; Srivastava, A. Lipid packing in biological membranes governs protein localization and membrane permeability.

Biophys. J. 2023, 122, 2727–2743. [CrossRef]
29. Ballweg, S.; Sezgin, E.; Doktorova, M.; Covino, R.; Reinhard, J.; Wunnicke, D.; Hänelt, I.; Levental, I.; Hummer, G.; Ernst, R.

Regulation of lipid saturation without sensing membrane fluidity. Nat. Commun. 2020, 11, 756. [CrossRef]
30. Heather, G.M.; Allen, C. DPPC Langmuir Monolayer at the Air−Water Interface: Probing the Tail and Head Groups by Vibrational

Sum Frequency Generation Spectroscopy. Langmuir 2006, 22, 5341–5349.
31. Ghysels, A.; Krämer, A.; Venable, R.M.; Teague, W.E., Jr.; Lyman, E.; Gawrisch, K.; Pastor, R.W. Permeability of membranes in the

liquid ordered and liquid disordered phases. Nat. Commun. 2019, 10, 5616. [CrossRef]
32. Almeida, P.F.; Vaz, W.L.; Thompson, T.E. Lateral diffusion in the liquid phases of dimyristoylphosphatidylcholine/cholesterol

lipid bilayers: A free volume analysis. Biochemistry 1992, 31, 6739–6747. [CrossRef]
33. Almeida, P.F.F.; Vaz, W.L.C.; Thompson, T.E. Lipid diffusion, free area, and molecular dynamics simulations. Biophys. J. 2005, 88,

4434–4438. [CrossRef]
34. Drabik, D.; Chodaczek, G.; Kraszewski, S.; Langner, M. Mechanical Properties Determination of DMPC, DPPC, DSPC, and HSPC

Solid-Ordered Bilayers. Langmuir 2020, 36, 3826–3835. [CrossRef] [PubMed]
35. Machado, A.C.; Caseli, L. Interaction of nitrofurantoin with lipid langmuir monolayers as cellular membrane models distinguished

with tensiometry and infrared spectroscopy. Colloids Surf. B 2020, 188, 110794. [CrossRef]
36. Sahin, I.; Ceylan, Ç.; Bayraktar, O. Ruscogenin interacts with DPPC and DPPG model membranes and increases the membrane

fluidity: FTIR and DSC studies. Arch. Biochem. Biophys. 2023, 733, 109481. [CrossRef] [PubMed]
37. Andersson, J.; Bilotto, P.; Mears, L.L.E.; Fossatia, S.; Ramach, U.; Köper, I.; Valtiner, M.; Knoll, W. Solid-supported lipid bi-

layers—A versatile tool for the structural and functional characterization of membrane proteins. Methods 2020, 180, 56–68.
[CrossRef]

38. Rojewska, M.; Smułek, W.; Kaczorek, E.; Prochaska, K. Langmuir Monolayer Techniques for the Investigation of Model Bacterial
Membranes and Antibiotic Biodegradation Mechanisms. Membranes 2021, 11, 707. [CrossRef] [PubMed]

39. Valenzuela, S.M. Chapter 3: Liposome techniques for synthesis of biomimetic lipid membranes. In Nanobiotechnology of Biomimetic
Membranes; Martin, D.K., Ed.; Springer: Berlin/Heidelberg, Germany, 2007.

40. Brown, R.E.; Brockman, H.L. Using monomolecular films to characterize lipid lateral interactions. Lipid Rafts 2007, 398, 41–58.
41. Phan, M.D.; Shin, K. A Langmui Monolayer: Ideal model membrane to study cell. J. Chem. Biol. Interfaces 2014, 2, 1–5. [CrossRef]
42. Stefaniu, C.; Brezesinski, G.; Möhwald, H. Langmuir monolayers as models to study processes at membrane surfaces. Adv. Coll.

Interf. Sci. 2014, 208, 197–213. [CrossRef] [PubMed]
43. Elderdfi, M.; Sikorski, A.F. Langmuir-monolayer methodologies for characterizing protein-lipid interactions. Chem. Phys. Lipids

2018, 212, 61–72. [CrossRef]
44. Andelman, D.; Brochard, F.; Knobler, C.; Rondelez, F. Structures and Phase Transitions in Langmuir Monolayers. In Micelles,

Membranes, Microemulsions and Monolayers; Gelbart, W.M., Ben-Shaul, A., Roux, D., Eds.; Springer-Verlag New York, Inc.:
New York, NY, USA, 1994; pp. 559–602.

45. Kaganer, V.M.; Möhwald, H.; Dutta, P. Structura and phase transitions in Langmuir monolayers. Rev. Mod. Phys. 1999, 71, 779–819.
[CrossRef]

46. Mehellou, Y.; Rattan, H.S.; Balzarini, J. The ProTide Prodrug Technology: From the Concept to the Clinic. J. Med. Chem. 2018, 61,
2211–2226. [CrossRef] [PubMed]

47. Jessen, H.J.; Schulz, T.; Balzarini, J.; Meier, C. Bioreversible Protection of Nucleoside Diphosphates. Angew. Chem. Int. Ed. 2008, 47,
8719–8722. [CrossRef] [PubMed]

48. Gollnest, T.; de Oliveira, T.; Schols, D.; Balzarini, J.; Meier, C. Lipophilic prodrugs of nucleoside triphosphates as biochemical
probes and potential antivirals. Nat. Commun. 2015, 6, 8716. [CrossRef]

49. Peters, B.J.; Van Cleave, C.; Haase, A.A.; Hough, J.P.B.; Giffen-Kent, K.A.; Cardiff, G.M.; Sostarecz, A.G.; Crick, D.C.; Crans,
D.C. Structure Dependence of Pyridine and Benzene Derivatives on Interactions with Model Membranes. Langmuir 2018, 34,
8939–8951. [CrossRef] [PubMed]

50. Zhao, T.; Xu, G.; Yuan, S.; Chen, Y.; Yan, H. Molecular Dynamics Study of Alkyl Benzene Sulfonate at Air/Water Interface: Effect
of Inorganic Salts. J. Phys. Chem. B 2010, 114, 5025–5033. [CrossRef]

https://doi.org/10.1038/s41467-022-29272-x
https://www.ncbi.nlm.nih.gov/pubmed/35338137
https://doi.org/10.1126/science.175.4023.720
https://www.ncbi.nlm.nih.gov/pubmed/4333397
https://doi.org/10.1085/jgp.106.1.67
https://www.ncbi.nlm.nih.gov/pubmed/7494139
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1016/j.bpj.2023.05.028
https://doi.org/10.1038/s41467-020-14528-1
https://doi.org/10.1038/s41467-019-13432-7
https://doi.org/10.1021/bi00144a013
https://doi.org/10.1529/biophysj.105.059766
https://doi.org/10.1021/acs.langmuir.0c00475
https://www.ncbi.nlm.nih.gov/pubmed/32176506
https://doi.org/10.1016/j.colsurfb.2020.110794
https://doi.org/10.1016/j.abb.2022.109481
https://www.ncbi.nlm.nih.gov/pubmed/36522815
https://doi.org/10.1016/j.ymeth.2020.09.005
https://doi.org/10.3390/membranes11090707
https://www.ncbi.nlm.nih.gov/pubmed/34564524
https://doi.org/10.1166/jcbi.2014.1028
https://doi.org/10.1016/j.cis.2014.02.013
https://www.ncbi.nlm.nih.gov/pubmed/24612663
https://doi.org/10.1016/j.chemphyslip.2018.01.008
https://doi.org/10.1103/RevModPhys.71.779
https://doi.org/10.1021/acs.jmedchem.7b00734
https://www.ncbi.nlm.nih.gov/pubmed/28792763
https://doi.org/10.1002/anie.200803100
https://www.ncbi.nlm.nih.gov/pubmed/18833560
https://doi.org/10.1038/ncomms9716
https://doi.org/10.1021/acs.langmuir.8b01661
https://www.ncbi.nlm.nih.gov/pubmed/29958493
https://doi.org/10.1021/jp907438x


Molecules 2024, 29, 5787 15 of 15

51. Klopfer, K.J.; Vanderlick, T.K. Isotherms of Dipalmitoylphosphatidylcholine (DPPC) Monolayers: Features Revealed and Features
Obscured. J. Colloid Interf. Sci. 1996, 182, 220–229. [CrossRef]

52. Duncan, S.L.; Larson, R.G. Comparing Experimental and Simulated Pressure-Area Isothermsfor DPPC. Biophys. J. 2008, 94,
2965–2986. [CrossRef]

53. Cutró, A.; Hollmann, A.; Cejas, J.; Maturana, P.; Disalvo, E.; Frías, M. Phenylalanine interaction with lipid monolayers at different
pHs. Colloids Surf. B 2015, 135, 504–509. [CrossRef]
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