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Abstract: The aim of the study was to evaluate the effect of the peptide structure (WKWK),-KWKWK-
NH;, P4 (C12),-KKKK-NH,, P5 (KWK),-KWWW-NH,, P6 (KK),-KWWW-NH, on their physico-
chemical properties. The thermogravimetric method (TG/DTG) was used, which made it possible to
observe the course of chemical reactions and phase transformations occurring during the heating of
solid samples. Based on the DSC curves, the enthalpy of the processes occurring in the peptides was
determined. The influence of the chemical structure of this group of compounds on their film-forming
properties was determined using the Langmuir-Wilhelmy trough method and was followed by
molecular dynamics simulation. Evaluated peptides showed high thermal stability and the first
significant mass loss occurred only at about 230 °C and 350 °C. The analysis of the compressibility
coefficient of individual peptides indicates that all formed peptide monolayers were in the expanded
liquid phase. Their maximum compressibility factor was less than 50.0 mN/m. Its highest value of
42.7 mN/m was achieved in a monolayer made of P4. The results obtained in molecular dynamic
simulation indicate that non-polar side chains played an important role in the properties of the P4
monolayer, and the same applies to P5, except that a spherical effect was observed here. A slightly
different behavior was observed for the P6 and P2 peptide systems, where the type of amino acids
present had an influence. The obtained results indicate that the structure of the peptide affected its
physicochemical and layer-forming properties.

Keywords: Langmuir monolayer; compression isotherm; peptides; TG/DTG; DSC; molecular
dynamics simulations

1. Introduction

Compounds containing amino acid residues are currently one of the most frequently
synthesized and investigated groups of compounds. Due to their ability to self-assemble,
they are used to produce nanomaterials with high biocompatibility. They have found
application, for example, as a way of delivering drugs to cells [1-3]. Thanks to the proven
antibacterial properties of some surfactants, they are a promising group that can help fight
antibiotic resistance in the near future [4,5]. The ratio of cationic and hydrophobic residues
determines the activity of antimicrobial peptides (AMPs). The cationic residues include
amino acids such as arginine (R), lysine (K) or histidine (H). Their role is to mediate reactions
with negatively charged bacterial lipids. Hydrophobic residues containing tryptophan—W,
phenylalanine—F and leucine—L are involved in connecting with cell membranes and
determine their damage [6]. Polar cationic residues facilitate the solubilization of molecules
in water, while lipophilic residues enable localization in lipid micelles [7,8]. Some factors
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may alter the properties of the monolayers, e.g., according to Wang et al. the quantum dots
may reduce the compressibility of the monolayer at increased temperature [9].

The work published in 1891 by Pockels on the change of surface tension and thickness
of the compressed oil layer on the water surface provided the basis for the characterization
of Langmuir layers at the water/air interface [10]. At the beginning of the 20th century,
Irving Langmuir improved the measurement method proposed by Agnes Pockels and
designed a device for measuring the surface pressure of a monolayer spread on the water
surface, the so-called Langmuir trough. Langmuir proved the monomolecular nature of the
oil film applied to the water surface and was the first to propose a model of the orientation
of amphiphilic molecules at the water/air interface [11-13]. The layers thus defined
were later called Langmuir monolayers, which provide an excellent model for studying
biological systems. Moreover, it was proved that the properties of biological membranes
and model Langmuir monolayers, formed by phospholipid molecules, compressed to
a surface pressure of ~32.5 mN/m, are similar [14]. Therefore, the Langmuir trough is
often used in biophysical field of medicine and drug chemistry. In addition to traditional
Langmuir monolayers, there are other complementary surface-sensing techniques, such
as surface electrical potential measurements [15], Brewster angle microscopy (BAM, for
texture visualization and layer thickness measurement) [16], and polarization-modulated
infrared reflection-absorption spectroscopy [17].

From the research we have published so far, we know that the following peptides: P1
(WK);-KWK-NH;, P2 (WKWK),-KWKWK-NH,, P3 (WR),-KWR-NH,, P4 (C12),-KKKK-
NHy;, P5 (KWK),-KWWW-NH,, P6 (KK),-KWWW-NH, exhibit antioxidant properties. P2,
P4, P5 and P6 compounds exhibit antimicrobial activity against S. aureus. Peptide 2 is highly
effective against S. aureus. Sorption of P2 and P4-P6 on the polymer-bacterial cellulose (BC)
produced by Komagateibacter xylinu confirmed the prospective topical application of these
peptides on the BC carrier. The mentioned compounds had no cytotoxic activity against
fibroblast lines [18]. So far, only peptide 4 has been shown to have antifungal activity
(Candida albicans, Candida tropicalis, Aspergillus niger) and has antimicrobial activity against
gram-positive bacteria (Staphylococcus epidermidis, Bacillus subtilis, Enterococcus faecalis) as
well as against gram-negative bacteria (Escherichia coli, Klebsiella pneumonia, Pseudomonas
aeruginosa) [19]. The structures of the P2 and P4-P6 peptides are shown in Figure 1.
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Figure 1. Cont.
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Figure 1. Structures of tested peptides P2, P4-P6. P2, P4-P6 are the abbreviations of the evaluated
peptides described in the text [18].

The aim of the presented work was to assess the impact of the structure of four
selected peptides P2, P4-P6 on their physicochemical properties determined on the basis
of thermogravimetric analysis (TG/DTG) and differential scanning calorimetry (DSC) of
solid samples, and to prepare respective monolayers from chloroform-methanol solutions
in the Langmuir-Wilhelmy through. The investigations were based on the performance
of compression isotherms and hysteresis in which the change of surface pressure versus
area per molecule was evaluated. The compressibility modulus was used to determine the
physical state of the monolayers made of peptides composed of the amino acids tryptophan
and lysine. Molecular dynamics (MD) simulation was used to understand the interactions
between the individual peptides that make up the monolayer. The collected results may
enable determination of the usefulness of applied compounds in varied forms.

2. Results
2.1. Characterization of Compounds Using Thermogravimetric and Differential
Scanning Calorimetry

Thermal analysis methods were used to study chemical reactions and phase transitions
that occurred when the substance was heated or cooled. The measurement of the mass
difference from the TG curve gives information about changes in the composition of the
sample, thermal stability of the substance and parameters. Figure 2 show the TG/DTG and
DSC curves of the tested peptides. The curves are color coded as follows TG (=), DTG (-),
DSC (-). The TG curve of the distribution of samples P2, P4-P6 shows the mass loss [mg];
the DTG curve makes it easy to determine the start, end and maximum each reaction.
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Figure 2. Cont.
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Figure 2. TG/DTG and DSC curves of peptide P2, P4-P6: TG (-), DTG (-), DSC (-).

The data determined by the TG and DTG methods are summarized in Table 1. In
the case of the P2 peptide, in the temperature ranged from 25 to 145 °C, there were two
weight losses of the sample responsible for water evaporation. Around the temperature of
230 °C in all mixtures there was a second weight loss of more than 20%, and in the range of
345-352 °C the third weight loss of more than 50%. The exception iwa P4, where the third
Tmax occurred at 406.3 °C.

Table 1. Tmax, weight loss, and residual weight of assessed peptides P2, P4-P6 according to
performed TD and DTG plots.

Peptide Tmax [°C] Loss of Mass [%] Residual Mass [%]

- 1.87
145.0 2.11

P2 229.5 23.80 11.50
352.2 60.52
230.2 25.12

P4 359.0 56.08 0.00
406.3 18.80
148.2 2.79

P5 228.6 22.37 16.42
351.2 58.31
228.5 30.01

Po 351.3 56.40 13.48

The DSC method is a direct measurement of the heat generated by chemical reactions
and various physical processes. The respective plots present the amount of heat delivered
as a function of temperature. Based on DSC studies (Table 2), we observed that all peptides
underwent exothermic and endothermic transformations. In the case of P4 there were four
DSC peaks, unlike in other peptides: an exothermic transformation took place as the first
peak, the pattern was not observed in the remaining peptides, where the only three peaks
were identified: two endothermic, and one exothermic peak, with endothermic peak as
initial one.

Table 2. DSC peaks (°C) of P2, P4-P6 peptides obtained.

P2 P4 P5 P6

Temperature 4531 61.8 | 4281 48.4 1
° 86.0 1

[°Cl 101.9 | 1085 1155 | 109.6

138.3 1 15111 140.8 1 126.9 1

J—exothermic proces, T—endothermic process.
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2.2. Langmuir Monolayers
2.2.1. Langmuir Monolayers Formed from P2, P4-P6 with Different Concentrations

Based on the obtained compression isotherms of different peptide concentrations
(Figure 3), the 2.08 x 10'® molecules were used for further analysis, as most appropriate
for the comparisons of assessed peptides (Figure 3: P2, P4-P6, D1 dilution, brown lines),
due to the highest repeatability of obtained plots in three series of measurements. A lift-off
value of surface area per compound molecule, for which an increase in surface pressure
is observed above 0 for all compounds was within the range of 50-65 A?/molecule in
D1 dilutions.
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Figure 3. The compression isotherm of the P2, P4-P6 peptide monolayer formed on the surface of the
pure liquid phase for the concentration of 1 (-),2(-), 3 (-), 4 (-), 5 (), 6 (-).

2.2.2. Monolayer Compression and Expansion Isotherms from P2, P4-P6

The compression and decompression isotherms of the P2, P4-P6 monolayer for a
selected number of molecules of a given compound, amounting to 2.08-10'¢ are shown in
Figure 4. The P2 hysteresis ran in the surface pressure range of 0-12 mN/m. The surface
pressure for the first compression started to increase rapidly at 20 A% /molecule. Decom-
pression followed almost the traces of compression. The second hysteresis, compared to
the first, ended with a slightly larger surface area per molecule of the tested compound.
A similar situation was observed for the third loop. At a surface pressure of 6 mN/m,
the curve began to flatten, which could indicate a phase transition. In the case of P4, the
hysteresis was within the surface pressure range of 0-36 mN/m. The greatest increase in
pressure occurred at 12 A2 /particle. The second compression followed the steps of the first
decompression and the third followed the second. The distance between compression and
decompression in successive loops decreased. The highest surface pressure was recorded
at 5.5 A? /particle. The P5 hysteresis was recorded for the surface pressure range from 0 to
14 mN/m. For each hysteresis, the course of decompression coincided with the course of
compression. The hysteresis loop 1, 2, 3 successively was shifted towards larger surfaces
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per molecule. In the case of P6, the hysteresis was recorded for the surface pressure range
from 0 to 8 mN/m. The maximum surface pressure was reached at 7 A?/particle. The

following cycles coincided with the first cycle.
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Figure 4. Hysteresis of the peptide P2, P4-P6 for the number of molecules equal to 2.08 10'°. Loop 1
(), Loop 2 (-), Loop 3 (-).
2.2.3. Compressibility Modulus Cs ! from P2, P4-P6
Analyzing Figure 5, it can be seen that the highest value of the compressibility coeffi-
cient equal to 42.7 mN/m was achieved by P4 at the value of 8.1 A2 /particle. A second
maximum of 15 mN/m was observed at 29 A2 /particle. The compressibility factor for P2
showed the highest value of 14.7 mN/m at 4.8 AZ/ particle and for P5 34.0 mN/m at 4.7
A2 /particle. In the case of P6, at 12.1 A2/particle, the compressibility coefficient had the
highest value of 14.6 mN/m, which decreased with less surface area per particle.
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Figure 5. Cont.
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Figure 5. Dependence of the compressibility coefficient depending on the surface area per particle
for P2, P4-P6.
2.2.4. Compression Isotherms of Monolayer for Mixtures in Different Proportions
P2, P4-P6
Figure 6 shows the compression isotherms of the systems of compounds P2, P4, P5,
P6 mixed in the proportions of 1:1, 1:5 and 5:1. In the P2-P4 system, it can be seen that
the predominance of P2 significantly lowered the surface pressure. On the other hand, P4
increased the surface pressure in the systems. For the P2-P5 or P2-P6 system, the changes
were less visible.
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Figure 6. Isotherm of compression of a monolayer formed from a mixture of compounds P2, P4-P6
in different proportions on the surface of a pure liquid phase.
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2.2.5. Monolayer Compression and Decompression Isotherms for Mixtures in Different
Proportions P2, P4-P6

Figure 7 shows the hysteresis of the P2-P6 and P5-P6 peptides mixed in the propor-
tions of 1:1, 1:5 and 5:1. Subsequent compression and decompression isotherm loops for
the P2-P6 system have been shifted towards a smaller area per particle. The compression
followed the previous decompression. This may indicate that the space between the parti-
cles decreased with each squeeze. In the P5-P6 systems, the area increased with the next
hysteresis loop. It is similar in the case of the P2-P4 system presented in Figure 8.
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Figure 7. Hysteresis of the mixtures P2, P5, P6 peptide in different proportion. Loop 1 (-), Loop 2 (-),
Loop 3 (-).

In the P2-P5 system (Figure 8) the compression isotherm followed the decompression
traces, creating almost one line. The exception here is the P2-P5 system, where the com-
pounds were mixed in the proportions of 5:1, each successive compression started at the
end of the previous decompression, with a decrease in the surface area per particle.
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Figure 8. Hysteresis of the mixtures P2, P4, P5 peptide in different proportion. Loop 1 (-), Loop 2 (-),
Loop 3 (-).
2.2.6. Compressibility Modulus Cs ! for Mixtures in Different Proportions P2, P4-P6
The dependence of the compressibility factor on the surface area per particle of mix-
tures of P2, P4-P6 peptides in various proportions is shown in Figure 9. For the P2-P5
system, the highest compressibility factor was shown by the P5 peptide, and the addition
of P2 decreased its value mainly at the first maximum of 35 mN/m to about 15 mN/m. A
similar situation occurred in the P2-P4 system. Increasing the amount of P2 resulted in a
shift of the second maximum towards smaller values of area per molecule. In the P5-P4
and P4-P6 systems, the P4 compound increased the value of the compressibility coefficient,
while increasing the amount of P5 or P6 caused both maxima to shift to the left.
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50 50
40 40
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Figure 9. Cont.
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Figure 9. Dependence of the compressibility coefficient depending on the surface area per particle of
the mixtures P2, P4-P6 peptide in different proportion.

2.3. Molecular Dynamics Simulations

The investigated systems after the MD simulations are shown in Figure 10a—d. It can
be seen that the peptides tended to form a monolayer at the water—vacuum interface. This
effect was mostly visible for the P4 and P5 peptides. For the P4 it can be explained by the
presence of the aliphatic chains, which were of the hydophobic character, and they tend to
be oriented away from the water layer. It is clearly visible in Figure 10b and is consistent
with the smallest surface tension value of 934.92 bar x nm. The P5 peptide also contained
non-polar side chains which contributed to this effect; however for this system there was
also a steric effect playing a role. It can be observed as a bulge on top of the water film in
Figure 10c. This bulge was an agglomeration of the peptide molecules, and within the time
of the simulation it remained stable. This rigid structure was formed due to the interaction
between the peptide molecules. It was consistent with the smallest observed diffusion
coefficient of 0.0765 x 107> cm?/s.

(a)

(b)

Figure 10. Cont.
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(c) (d)

Figure 10. The structures of the peptide-water thin layers after the MD simulations. Peptide P2
system (a), P4 (b), P5 (c) and P6 (d).

Slightly different behaviour was observed for P6 peptide system. This peptide is
characterized by a presence of two groups of amino acids: 3 non-polar tryptophans were
connected by a peptide bond to 5 branched lysine amino acids, which were electrostatically
charged. These were able to penetrate the water film much easier. It can be observed
that the peptide was not located at the water—vacuum interface, but deeper in the water
film, despite the presence of the non-polar tryptophan amino acids. This observation
was consistent with the highest observed diffusion coefficient among the investigated
systems—0.2763 x 102 cm?/s (Table 3).

Table 3. The values of the diffusion coefficients of the peptide molecules in the water films and the
surface tensions in the systems.

Peptide P2 P4 P5 P6
Deoeft (cm?2/s) 0.1067 x 10~° 0.0878 x 10~° 0.0765 x 10~ 0.2763 x 107
v (bar x nm) 1116.22 934.92 1003.66 1005.38

Where D, is coefficient of diffusion and vy is surface tension value.

P2 system was characterized by the presence of intertwined lysine and tryptophan
amino acids. That made it different from the P6, because the polar and non-polar parts of
the molecule were not separated from one another. This peptide was penetrating the water
film much deeper than any other investigated system and should be considered the most
hydrophilic one among the investigated systems. In addition, only for this system, it can
be observed that the same amount of peptide resided at the bottom part of the water layer
as at the top layer, what indicates that peptide molecules can reposition during the MD run.
Still, some symptoms of the preference of the surface could be observed—the peptide did
not reside within the bulk of the water layer, but rather near the surface.

3. Discussion

The desired direction of research is the search for compounds with high therapeutic
potential and synergy with currently used antibiotics. At present, antibacterial peptides
and lipopeptides are an increasingly studied group of compounds [20-22]. Their diverse
structure results in different physicochemical properties, e.g., relative chemical and physical
stability, variety of sequences and forms, ease of functionalization with (bio)molecules and
the possibility of synthesizing them in large quantities [23,24]. In our research, we selected
four peptides P1 (WKWK),-KWKWK-NH3, (C12),-KKKK-NH;, (KWK),-KWWW- NH,
and (KK),-KWWW-NH, out of six that showed anti-acne properties.

Substances with a high logP value (i.e., substances with high lipophilicity) penetrate
very easily into the stratum corneum, but their penetration into the living layers of the
epidermis is already inhibited due to the hydrophilic nature of these layers. The opposite
is true for hydrophilic (low logP) substances. They can easily diffuse through the living
layers of the epidermis and dermis but are unable to overcome the lipophilic barrier of the



Int. J. Mol. Sci. 2023, 24, 4318

12 of 17

stratum corneum. To sum up, substances with medium lipophilicity, showing significant
solubility in both water and lipids, with a maximum for the logP value of 1.0-3.0, will
have the optimal penetration ability [25,26]. In our case, these requirements would be
met by P2, P5 and P6 (Figure 11). To facilitate administration of drugs through skin,
penetration enhancers are routinely employed [27], which would be correct when using
the P4 compound with high lipophilicity and proven anti-acne and anti-fungal properties.

log P
&

P6
0 *
7K 4K 5K 5K
The amino acid composition of the hydrophilic fragment of the
molecule

Figure 11. Chart of the dependence of the amino acid composition of the polar fragment of the
molecule on the log P. Marking on the axis of arguments mean K-lysine.

These peptides showed high thermal stability. From the results obtained with the TG
method, we know that the initial significant mass loss occurred only at about 230 °C and
350 °C, while in the case of P4 additionally at 406 °C. Changes between 200 and 500 °C were
related to the degradation of the sample, namely progressive deamination, decarboxylation,
and depolymerization resulting from the breaking of polypeptide bonds [28]. Different
thermal behavior of the tested compounds results from their structure, i.e., different se-
quence of amino acids. In addition, the peptide molecule must gain a certain degree of
freedom for any degradation reaction to take place [29].

The monolayer compressibility factor allowed us to characterize the state of mono-
layers, phase transitions, and take different values depending on the phase in which it is
located. For the gaseous state, it has a value from 0 to 12.5 mN/m [30]. For the expanded
liquid (LE) it takes values from 12.5 to 50 mN/m, for the condensed liquid phase (LC)
from 50 to 250 mN/m, and for the solid phase above 250 mN/m [31,32]. Analysis of the
compressibility factor of individual peptides indicated that all formed peptide monolayers
are in the expanded liquid phase. Their maximum compressibility factor was lower than
50 mN/m. Its highest value of 42.7 mN/m was achieved by a monolayer made of P4. The
monolayer formed from P2 was close to the gas phase, and actually on the border between
the gas phase and the expanded liquid. The same was true for the P6 monolayer, except that
the compressibility factor of 14.6 mN/m below 12.1 A2 /particle decreased towards smaller
areas per particle and at about 4 A /particle did not exceed 10 A2 /particle. Mixtures of
compounds showed lower values of the compressibility factor compared to their single
components. If the compression and decompression isotherms coincide, it means that
the monolayer has reached a stable state, and the composition of the monolayer remains
the same as in the P2-P5 system (1:1). When the next hysteresis cycle moves towards
smaller surfaces per molecule, it may indicate a greater packing of molecules, as in the
P2-P5 system, or perhaps a transition of molecules to the aqueous subphase, e.g., P2-P6
system [33] These conclusions were supported by the MD simulation, which showed the
influence of the monolayer-forming peptide structure on the structure of formed monolayer.
In the case of the monolayer formed with P4, non-polar side chains played an important
role, and the same is true for P5, except that a spherical effect was observed here. A slightly
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different behavior was observed for the P6 and P2 peptide systems, where the order in
which the amino acids occur had an influence here [34].

Based on the compression isotherms of the tested peptides and their systems in various
proportions, it can be concluded that all of them form Langmuir monolayers and thus
the tested compounds could be tested in the form of anti-acne bacteria thin films and in
the future applied as anti-bacterial systems based on the monolayers. By using systems
with different proportions of P2, P4, P5, P6, we could obtain a system with the expected
monolayers physical properties.

4. Materials and Methods
4.1. Synthesis and Characterization of the Peptides
4.1.1. Preparation of the Peptides

The Rink amide AM resin and the amino acids Fmoc-Lys(Boc)-OH. Fmoc-Lys(Fmoc)-
OH. Fmoc-Arg(Pbf)-OH and Fmoc-Trp(Boc)-OH were obtained from Iris Biotech (Marktred-
witz, Germany). The dodecanoic acid coupling reagents and solvents: N,N-dimethyl for-
mamide (DMF), dichloromethane (DCM), 1-hydroxybenzotriazole (HOBLt), trifluoroacetic
acid (TFA) and acetonitrile (ACN) were purchased from Merck (Darmstadt, Germany).

The peptide sequences were de novo designed to present positive charge by the
incorporation of arginine or lysine residues. Tryptophan residues and dodecanoic fatty
acid were used to provide the ability to insert into bacterial membranes. The peptide
compounds were manually synthesized by Fmoc solid phase peptide synthesis using the
Rink amide AM resin (100-200 mesh; loading 0.48 mmol/g). The coupling reaction of the
amino acids was made with the activators DIC and HOBt with three times molar excess of
each amino acid and activator. dissolved in DMF/DCM (1:1; v/v) mixture. Deprotection
was carried out with 20% (v/v) of piperidine in DMFE. De-anchoring of the peptides from
the resin was achieved with TFA /TIS/H20 mixture in a volume ratio (95:2.5:2.5).

4.1.2. Purity and Structure of the Peptides

Purity of the lipopeptides was analyzed by reverse phase high performance liquid
chromatography (RP-HPLC) in Shimadzu Nexera chromatograph with a DAD detector at
214 nm fitted with a Eurospher (100 x 4.6 mm) columns (Knauer, Berlin, Germany) using
ACN:TFA (0.1%) and H20O:TFA (0.1%) as the mobile phase. The identity of lipopeptides
was verified by matrix-assisted laser desorption time-of-flight (MALDI-TOF) spectrometry
on MALDI-TOF/TOF 5800 (Sciex, IL, USA). USA). The peptides with identity confirmed
via MS spectra were freeze-dried (Christ, Hannover, Germany) and stored as dry powder
at —20 °C.

4.2. Thermogravimetric TG

Thermogravimetric analysis of the tested peptides was carried out using a thermobal-
ance (TG 209 F1 Libra. Netzsch. Selb, Germany) with an automatic sample changer (ASC.
Netzsch. Selb, Germany). The thermograms were scanned at a constant heating rate of
5 K/min in the temperature range from 10 to 300 °C.

4.3. DSC Investigation

DSC studies were performed using a differential scanning calorimeter (DSC 214
Polyma. Netzsch. Selb, Germany). Samples of 3-5 mg were measured in sealed aluminum
pans under a nitrogen atmosphere. with a flow rate of 50 mL/min.

4.4. Langmuir Films

The Langmuir-Wilhelmy trough manufactured by Kibron Microtrough X manufac-
tured in Helsinki (Finland) together with the attached computer software Filmware X 4.0.
was used to study the monolayers formed by the tested peptides. The balance consists
of a tetrafluoroethylene (Teflon) tray measuring 23.7 cm long and 7.9 cm wide, two mov-
able Teflon barriers and a wire (used instead of a Wilhelmy plate) weighing 48.2 mg and
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0.5 mm in diameter made of platinum, which ensures a negligible contact angle during the
measurement. The barriers moved at a speed of 10 mm /min.

4.4.1. Preparation P2, P4-P6 Solutions Forming a Monolayer

Solutions of the tested compounds were prepared by dissolving the previously weighed
substance in a solvent solution, which was a mixture of chloroform and methanol solution
in the ratio of 3:1. First, compression isotherms were measured for different dilutions to
select one appropriate concentration for all peptides. The number of particles deposited on
the subphase [35] for successive dilutions for successive dilutions (D1-D6) was: 2.14-101
(D1), 1.07-10' (D2), 5.35-10'° (D3) 2.68-10'° (D4), 1.34-10'° (D5), 6.70-10'# (D6) molecules.
In the case of mixed systems, the area occupied by a given monolayer can be presented as
the sum of the areas of individual components. This situation is presented by the Equation:

A1 = A1x1 + Axxo

where: Ajp—surface area per single molecule in mixed monolayers; A1 and Ay—values of
the areas occupied by individual single pure components; x; and xp—molar ratio in which
single pure components occur.

4.4.2. Hysteresis

Isotherm compression-decompression was used analogously to measure isotherm
compression. The same speed of moving and spreading the barrier was used: 10 mm/min.
However, in this case the recorded measurement was for 3 loops. In the Filmware X 4.0
program (Kibron, Helsinki, Finland), the measurement range was determined on the basis
of isotherm compression.

4.4.3. Compressibility Coefficient of the Monolayer

The monolayer compressibility coefficient made it possible to determine the mechani-
cal properties of the monolayer [36,37]:

dm
-1 _ an
cs'=-a(5)
where Cg~1—compressibility factor [mN/m], A—surface area per molecule (A2/molecule),
m—surface pressure (mN/m).

4.5. Molecular Dynamics Simulations

The systems consisting of the individual peptides in the thin water film have been
simulated using the Molecular Dynamics (MD) simulations. Each investigated system has
been constructed using Packmol software [38] to contain 50 molecules of the peptide and
9000 molecules of water. The peptide molecules have been placed on top of the water
film. In order to maintain charge neutrality, a number of water molecules corresponding
to the number of positively charged groups in the peptide was replaced with Cl-anions.
The system was made periodic in all 3 directions, with the box orthogonal box size of
10 nm x 10 nm x 20 nm.

We have used the CHARMM potential version 27 [39] to describe the inter- and intramolec-
ular interactions. The parameters were used “without modifications” for P2, P5 and P6. For
the aliphatic chains of P2 we have used the same parameters as in the aliphatic groups in
leucine and isoleucine. The interactions between the carbonyl groups and the amine group of
lysine were treated identically as all other peptide bonds. The cutoff for the vdW and Coulomb
interactions was set to 1.0 nm. The electrostatic interactions in the periodic boundary conditions
have been described by means of the Ewald summation method [40]. All simulations have been
carried out using the GROMACS suite of codes [41-43].

Prior to the MD simulations, the systems geometry has been optimized to reach the
forces on each atom no greater than 1000 k] /mol/nm. Then, a 100 ps long equilibration
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runs have been carried out, followed by 1 ns production run. The timestep was set to
1 fs in both types of MD runs. The hydrogen bonds were constrained using the LINCS
algorithm [44]. The temperature was set to 300 K, and was controlled using the velocity
rescaling, modified Berendsen thermostat [45].

5. Conclusions

The obtained results indicate that the peptides (WKWK),-KWKWK-NH;, (C12),-
KKKK-NH;, (KWK),-KWWW-NH,, (KK),-KWWW-NH, are thermally stable and tend to
form a monolayer at the water-vacuum interface. This effect is most pronounced for the P4
and P5 peptides. In the case of P4, this can be explained by the presence of aliphatic chains
that are hydrophobic and oriented away from the water layer, while P5 also plays a role in
the steric effect. Calculations of the logP parameter, compressibility coefficient, molecular
dynamics simulation, and compression isotherms indicate that P2 and P6 penetrate much
deeper into the water layer than P4 and P5. The peptide structure strongly influences the
monolayer properties. The amino acids arrangement in molecule, as well as the proportion
of respective polar groups is an important factor in superficial activity of assessed peptides.

Author Contributions: Conceptualization, I.G. and W.M.; methodology, 1.G., WM., BM.S.and KE.G;
software, B.ML.S.; formal analysis, 1.G., WM. and B.M.S,; investigation, I.G., BM.S., K.E.G., PP.P. and
J.E.P; resources, W.M.; data curation, I.G., WM. and B.M.S.; writing—original draft preparation,
1.G.,, WM, KE.G,, PPP, J.LEP. and B.M.S.; writing—review and editing, I.G. and W.M.; visualization,
K.E.G. and B.M.S,; supervision, WM.; project administration, I.G. and W.M.; funding acquisition,
W.M. All authors have read and agreed to the published version of the manuscript.

Funding: The research was realized in the frames of grant No SUBZ.D060.22.034 of Wroclaw Medical
University, and the APC was funded by Wroclaw Medical University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data are available by the authors.

Acknowledgments: The authors would like to express the gratitude to Wiestaw Sawicki, Head of
the Department of Physical Chemistry, Faculty of Pharmacy, Medical University of Gdarisk for the
valuable cooperation in the field of peptides.

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

References

1.  Tang, C; Qiu, F; Zhao, X. Molecular Design and Applications of Self-Assembling Surfactant-Like Peptides. J. Nanomater. 2013,
2013, 15. [CrossRef]

2. Qiu, E; Chen, Y; Tang, C.; Zhao, X. Amphiphilic peptides as novel nanomaterials: Design, self-assembly and application. Int. |.
Nanomed. 2018, 13, 5003-5022. [CrossRef] [PubMed]

3. Laszuk, P,; Urbaniak, W.; Petelska, A.D. The Effect of Selected Flavonoids and Lipoic Acid on Natural and Model Cell Membranes:
Langmuir and Microelectrophoretic Methods. Molecules 2023, 28, 1013. [CrossRef] [PubMed]

4.  Stachurski, O.; Neubauer, D.; Matuch, I.; Wyrzykowski, D.; Bauer, M.; Bartoszewska, S.; Kamysz, W.; Sikorska, E. Effect of
self-assembly on antimicrobial activity of double-chain short cationic lipopeptides. Bioorg. Med. Chem. 2019, 27,115129. [CrossRef]
[PubMed]

5. Pérez, L.; Garcia, M.T.; Pinazo, A.; Pérez-Mata, E.; Hafidi, Z.; Bautista, E. Cationic Surfactants Based on Arginine-Phenylalanine
and Arginine-Tryptophan: Synthesis, Aggregation Behavior, Antimicrobial Activity, and Biodegradation. Pharmaceutics 2022, 14,
2602. [CrossRef]

6. Clark, S.; Jowitt, A.T.; Harris, K.L.; Knight, G.C.; Dobson, B.C. The lexicon of antimicrobal peptides: A complete set of arginine
and tryptophan sequences. Commun. Biol. 2021, 4, 605. [CrossRef]

7.  Mollica, A.; Macedonio, G.; Stefanucci, A.; Costante, R.; Carradori, S.; Cataldi, V.; Di Giulio, M.; Cellini, L.; Silvestri, R.; Giordano,
C.; et al. Arginine- and Lysine-rich Peptides: Synthesis, Characterization and Antimicrobal Activity. Lett. Drug Des. Discov. 2018,
15, 220-226. [CrossRef]

8. Walde, P; Ichikawa, S. Lipid Vesicles and Other Polymolecular Aggregates—From Basic Studies of Polar Lipids to Innovative

Applications. Appl. Sci. 2021, 11, 10345. [CrossRef]


http://doi.org/10.1155/2013/469261
http://doi.org/10.2147/IJN.S166403
http://www.ncbi.nlm.nih.gov/pubmed/30214203
http://doi.org/10.3390/molecules28031013
http://www.ncbi.nlm.nih.gov/pubmed/36770679
http://doi.org/10.1016/j.bmc.2019.115129
http://www.ncbi.nlm.nih.gov/pubmed/31668583
http://doi.org/10.3390/pharmaceutics14122602
http://doi.org/10.1038/s42003-021-02137-7
http://doi.org/10.2174/1570180814666170213161341
http://doi.org/10.3390/app112110345

Int. ]. Mol. Sci. 2023, 24, 4318 16 of 17

10.
11.
12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, J.; Feng, S.; Sheng, Q.; Liu, R. Influence of InP/ZnS Quantum Dots on Thermodynamic Properties and Morphology of the
DPPC/DPPG Monolayers at Different Temperatures. Molecules 2023, 28, 1118. [CrossRef]

Pockels, A. Surface tension. Nature 1981, 43, 437-439.

Phan, M.D.; Shin, K. A Langmuir Monolayer: Ideal Model Membrane to Study Cell. J. Chem. Biol. Interfaces 2014, 2, 1-5. [CrossRef]
Langmuir, I. The constitution and fundamental properties of solids and liquids. II Liquids. J. Am. Chem. Soc. 1917, 39, 1858-1865.
[CrossRef]

Barnes, G.; Gentle, L. Interfacial Science: An Introduction, 2nd ed.; Oxford University Press: Oxford, UK, 2011; ISBN 9780199571185.
Nobre, T.M.; Pavinatto, E]J.; Caseli, L.; Barros-Timmons, A.; Dynarowicz-Latka, P.; Osvaldo, N.; Oliveira, O.N., Jr. Interactions of
bioactive molecules & nanomaterials with Langmuir monolayers as cell membrane models. Thin Solid Film. 2015, 593, 158-188.
Chen, S.; Dong, H.; Yang, J. Surface Potential /Charge Sensing Techniques and Applications. Sensors 2020, 20, 1690. [CrossRef]
Daear, W.; Mahadeo, M.; Prenner, E.]. Applications of Brewster angle microscopy from biological materials to biological systems.
Biochim. Biophys. Acta Biomembr. 2017, 1859, 1749-1766. [CrossRef]

Wang, C.; Zheng, ].; Zhao, L.; Rastogi, V.K.; Shah, S.S.; DeFrank, J.].; Leblanc, R M. Infrared reflection-absorption spectroscopy
and polarization-modulated infrared reflection-absorption spectroscopy studies of the organophosphorus acid anhydrolase
langmuir monolayer. J. Phys. Chem. B 2008, 112, 5250-5256. [CrossRef]

Golonka, I.; Greber, K.E.; Oleksy-Wawrzyniak, M.; Paleczny, J.; Dry$, A.; Junka, A.; Sawicki, W.; Musial, W. Antimicrobial and
antioxidative activity of newly synthesized peptides absorbed into bacterial cellulose carrier against acne vulgaris. Int. . Mol. Sci.
2021, 22, 7466. [CrossRef]

Greber, K.E.; Dawgul, M.; Kamysz, W.; Sawicki, W.; Lukasiak, J. Biological and surface-active properties of double-chain cationic
amino acid-based surfactants. Amino Acids 2014, 46, 1893-1898. [CrossRef]

Rima, M.; Rima, M.; Fajloun, Z.; Sabatier, ]. M.; Bechinger, B.; Naas, T. Antimicrobial Peptides: A Potent Alternative to Antibiotics.
Antibiotics 2021, 10, 1095. [CrossRef]

Dini, I; De Biasi, M.-G.; Mancusi, A. An Overview of the Potentialities of Antimicrobial Peptides Derived from Natural Sources.
Antibiotics 2022, 11, 1483. [CrossRef]

Bhattacharjya, S.; Straus, S.K. Design, enginering and discovery of novel «-helicar and 3-boomerang Antimicrobial Peptides
against drug resistant bacteria. Int. J. Mol. Sci. 2020, 21, 5773. [CrossRef] [PubMed]

Torres, M.D.T.; Sothiselvam, S.; Lu, T.K.; de la Fuente-Nunez, C. Peptide design principles for antimicrobial applications. J. Mol.
Biol. 2019, 431, 3547-3567. [CrossRef] [PubMed]

Chen, C.H.; Lu, TK. Development and challenges of antimicrobial peptides for therapeutic applications. Antibiotics 2020, 9, 24.
[CrossRef] [PubMed]

Ita, K.B. Transdermal drug delivery: Progress and challenges. J. Drug Deliv. Sci. Technol. 2014, 24, 245-250. [CrossRef]

Skelly, ].P.; Shah, V.P.; Maibach, H.I.; Guy, R.H.; Wester, R.C.; Flynn, G.; Yacobi, A. FDA and AAPS report of the workshop on
prinicples and practices of in vitro percutaneous penetration studies: Relevance to bioavailability and bioequivalence. Pharm. Res.
1987, 4, 265-267. [CrossRef]

Williams, A.C.; Barry, B.W. Penetration enhancers. Adv. Drug Deliv. Rev. 2012, 64, 128-137. [CrossRef]

Dandurand, J.; Samouillan, V.; Lacoste-Ferré, M.H.; Lacabanne, C.; Bochicchio, B.; Pepe, A. Conformational and thermal
characterization of a synthetic peptidic fragment inspired from human tropoelastin: Signature of the amyloid fibers. Pathol. Biol.
2014, 62, 100-107. [CrossRef]

Badii, F.; MacNaughtan, W.; Mitchell, J.R.; Farhat, I.A. The Effect of drying temperature on physical properties of thin gelatin
films. Dry. Technol. 2014, 32, 30-38. [CrossRef]

Khattari, Z.; Langer, U.; Aliaskarisohi, S.; Ray, A.; Fischer, T.M. Effects of soluble surfactants on the Langmuir monolayers
compressibility: A comparative study using interfacial isotherms and fluorescence microscopy. Mater. Sci. Eng. C 2011, 31,
1711-1715. [CrossRef]

Oliveira, O.N.; Caseli, L.; Ariga, K. The Past and the Future of Langmuir and Langmuir-Blodgett Films. Chem. Rev. 2022, 122,
6459-6513. [CrossRef]

Cadena-Nava, R.D.; Martin-Mirones, ].M.; Vazquez-Martinez, E.A.; Roca, J.A.; Ruiz-Garcia, J. Direct observations of phase
changes in Langmuir films of cholesterol. Rev. Mex. De Fisica 2006, 52, 32-33.

Sudheesh, S.; Ahmad, J.; Singh, G.S. Hysteresis of isotherms of mixed monolayers of N-octadecyl-N’-phenylthiourea and stearic
acid at air/water interface. Inf. Sch. Res. Not. 2012, 2012, 835397. [CrossRef]

Romanszki, L.; Telegdji, ]. Systematic study of Langmuir films of different amino acid derivatives on several subphases. MATEC
Web Conf. 2017, 98, 8-11. [CrossRef]

Butt, H.J.; Graf, K.; Kappl, M. Physics and Chemistry of Interfaces; Wiley-VCH Verlag GmbH & Co. KGaA: Hoboken, NJ, USA, 2003;
pp. 280-298. [CrossRef]

Birdi, K.S. Lipid and Biopolymer Monolayers at Liquid Interfaces; Plenum: New York, NY, USA, 1989; Chapter 2.

Chou, T.H.; Chu, I.M. Colloids and Surface B: Biointerface. Colloids Surf. B 2003, 27, 3333.

Martinez, L.; Andrade, R.; Birgin, E.G.; Martinez, ] M. PACKMOL: A package for building initial configurations for molecular
dynamics simulations. J. Comput. Chem. 2009, 30, 2157-2164. [CrossRef]

Brooks, B.R.; Brooks, C.L., III; Mackerell, A.D.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch, S.;
et al. CHARMM: The Biomolecular simulation Program. J. Comput. Chem. 2009, 30, 1545-1615. [CrossRef]


http://doi.org/10.3390/molecules28031118
http://doi.org/10.1166/jcbi.2014.1028
http://doi.org/10.1021/ja02254a006
http://doi.org/10.3390/s20061690
http://doi.org/10.1016/j.bbamem.2017.06.016
http://doi.org/10.1021/jp709591e
http://doi.org/10.3390/ijms22147466
http://doi.org/10.1007/s00726-014-1744-9
http://doi.org/10.3390/antibiotics10091095
http://doi.org/10.3390/antibiotics11111483
http://doi.org/10.3390/ijms21165773
http://www.ncbi.nlm.nih.gov/pubmed/32796755
http://doi.org/10.1016/j.jmb.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30611750
http://doi.org/10.3390/antibiotics9010024
http://www.ncbi.nlm.nih.gov/pubmed/31941022
http://doi.org/10.1016/S1773-2247(14)50041-X
http://doi.org/10.1023/A:1016428716506
http://doi.org/10.1016/j.addr.2012.09.032
http://doi.org/10.1016/j.patbio.2014.02.001
http://doi.org/10.1080/07373937.2013.808206
http://doi.org/10.1016/j.msec.2011.07.020
http://doi.org/10.1021/acs.chemrev.1c00754
http://doi.org/10.5402/2012/835397
http://doi.org/10.1051/matecconf/20179801004
http://doi.org/10.1002/3527602313.ch13
http://doi.org/10.1002/jcc.21224
http://doi.org/10.1002/jcc.21287

Int. ]. Mol. Sci. 2023, 24, 4318 17 of 17

40.
41.

42.

43.

44.

45.

Essmann, U.; Perera, L.; Berkowitz, M.L. A smooth particle mesh Ewald method. . Chem. Phys. 1995, 103, 8577. [CrossRef]
Abraham, M.].; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1, 19-25. [CrossRef]

Pronk, S.; Pall, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apostolov, R.; Shirts, M.R.; Smith, J.C.; Kasson, PM.; van der Spoel, D.; et al.
GROMACS 4.5: A high-throughput and highly parallel open source molecular simulation toolkit. Bioinformatics 2013, 29, 845-854.
[CrossRef]

Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable
molecular simulation. . Chem. Theory Comput. 2008, 4, 435-447. [CrossRef]

Hess, B.; Bekker, H.; Berendsen, H.].C.; Fraaije, ].G.E.M. LINCS: A linear constraint solver for molecular simulations. . Comput.
Chem. 1997, 18, 1463-1472. [CrossRef]

Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1063/1.470117
http://doi.org/10.1016/j.softx.2015.06.001
http://doi.org/10.1093/bioinformatics/btt055
http://doi.org/10.1021/ct700301q
http://doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484

	Introduction 
	Results 
	Characterization of Compounds Using Thermogravimetric and Differential Scanning Calorimetry 
	Langmuir Monolayers 
	Langmuir Monolayers Formed from P2, P4–P6 with Different Concentrations 
	Monolayer Compression and Expansion Isotherms from P2, P4–P6 
	Compressibility Modulus Cs-1 from P2, P4–P6 
	Compression Isotherms of Monolayer for Mixtures in Different Proportions P2, P4–P6 
	Monolayer Compression and Decompression Isotherms for Mixtures in Different Proportions P2, P4–P6 
	Compressibility Modulus Cs-1 for Mixtures in Different Proportions P2, P4–P6 

	Molecular Dynamics Simulations 

	Discussion 
	Materials and Methods 
	Synthesis and Characterization of the Peptides 
	Preparation of the Peptides 
	Purity and Structure of the Peptides 

	Thermogravimetric TG 
	DSC Investigation 
	Langmuir Films 
	Preparation P2, P4–P6 Solutions Forming a Monolayer 
	Hysteresis 
	Compressibility Coefficient of the Monolayer 

	Molecular Dynamics Simulations 

	Conclusions 
	References

