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Abstract
The formation of membrane transition channels is associated with various external conditions, mechanical forces, and
changes in membrane structure. This article analyzes the formation of channels in membranes under the influence of electric
fields, the significance of channel size, and other factors. A deeper understanding of these processes may lead to new
approaches in cell biology and medicine.
Annotatsiya
Membrana o‘tish kanallari hosil bo'lishi turli tashqi sharoitlar, mexanik kuchlar va membrana tuzilishining o‘zgarishi
bilan bog'liq. Ushbu maqolada elektr maydoni ta'sirida membranada kanallarining shakllanishi, kanal o‘lchamining ahamiyati va
boshqa omillar tahlil gilinadi. Bu jarayonlarni chuqur o‘rganish hujayra biologiyasi va tibbiyotda yangi yondashuvlarga olib keladi.
AHHOMauus
®@opmuposaHue nepexoOHbIX KaHano8 MembpaHbl C883aHO C Pa3fnUYHbIMU 8HEWHUMU YCIO8USIMU, MeXaHU4YeCKUMu
cunamu U usMeHeHUsIMU 8 cmpykmype membpaHbi. B daHHOU cmambe aHanuaupyemcsi popMuposaHue KkaHanoe 8 MembpaHax
nod eo3delicmeuem 3MeKmMpPUYECKUX ronel, 3Ha4uMocmb pasMepa KaHana u Opyaue ghakmopsl. [1ybokoe usydeHue amux
rpoyeccos Moxem npusecmu K Ho8biM nodxodam 8 KrnemoyHol buonoauu u MeduyuHe.

Kalit so‘zlar: Membrana o'tish kanallari, elektr maydoni, mexanik kuchlar, kanal o‘lchami.
Knrodeenie cnoea: NepexodHbie KaHarbl MeMOpaHbl, 3NIEKMPUYECKOE 0ie, MexaHU4YecKue cusbl, pa3mep KaHana.
Key words: Membrane transition channels, electric field, mechanical forces, channel size.
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INTRODUCTION

Membrane pore formation is a dynamic and multifaceted process that plays a crucial role in
various biological, biophysical, and medical applications. Moreover, the integrity of the cell
membrane is essential for maintaining cellular homeostasis, as it regulates the transport of ions,
molecules, and nutrients between the intracellular and extracellular environments [1].
Understanding these influences is vital for comprehending how cells respond to external stimuli,
adapt to environmental changes, and regulate critical processes such as signal transduction,
nutrient uptake, and waste removal. One of the primary factors influencing pore formation is the
composition and structure of the membrane itself. These modifications, whether naturally occurring
or experimentally induced, can significantly impact the membrane's propensity to form pores under
stress or stimulation [2]. External conditions, such as pH, ion concentration, and temperature, also
play a significant role in determining the likelihood and characteristics of pore formation. Changes
in the surrounding environment can affect the electrostatic interactions between membrane
components, leading to alterations in membrane tension and permeability. For example,
fluctuations in pH can influence the ionization state of membrane lipids and proteins, thus affecting
their interaction and the membrane's overall stability. Mechanical factors, including membrane
tension, shear forces, and compression, are also critical determinants of pore formation. These
forces can arise from the cell's interaction with its environment, mechanical stress, or the action of
external agents such as physical probes or applied pressure [3]. By examining these factors, we
can gain deeper insights into the mechanisms governing pore formation and the implications for
cellular physiology, biophysical research, and potential applications in fields such as drug delivery,
gene therapy, and biotechnology. [4]. Cells undergoing processes like endocytosis, exocytosis,
and vesicle trafficking utilize controlled pore formation to facilitate the exchange of molecules
between compartments. In medical applications, controlled pore formation techniques such as
electroporation are employed to introduce therapeutic agents, such as drugs or genetic material,
into target cells, enhancing the efficiency of treatments for various diseases. Such an
understanding is crucial for developing innovative strategies to manipulate membrane permeability,
whether for therapeutic purposes, improving industrial processes, or advancing research in cellular
and molecular biology [5].

MEMBRANE MODIFICATION AND ITS ROLE IN PORE FORMATION

Membrane modification refers to the changes in the composition, structure, and
organization of the cell membrane, which can significantly impact the process of pore formation.
The cell membrane's ability to form pores is heavily influenced by the types of lipids, proteins, and
other molecules present, as well as how these components interact with each other [6].
Understanding how modifications in these components affect pore formation is crucial for
comprehending how cells adapt to various physiological and environmental conditions. The lipid
bilayer is the fundamental structural component of the cell membrane, composed mainly of
phospholipids with varying fatty acid chains, cholesterol, and other lipid molecules. The
composition and arrangement of these lipids determine the membrane's fluidity, thickness, and
overall stability, which in turn influence the likelihood and characteristics of pore formation. The
degree of saturation in the fatty acid chains of phospholipids plays a critical role in membrane
fluidity. Saturated fatty acids have straight chains that pack tightly together, resulting in a more rigid
and less permeable membrane. In contrast, unsaturated fatty acids contain one or more double
bonds, introducing kinks in the chains that prevent tight packing, thus increasing membrane fluidity.
Membranes with a higher proportion of unsaturated fatty acids are more prone to pore formation,
as the increased fluidity makes it easier for lipids to reorganize and form transient or permanent
pores. Cholesterol is another important component that modulates membrane fluidity and stability.
At physiological temperatures, cholesterol interacts with phospholipid tails, making the membrane
more rigid and less permeable. However, cholesterol can also prevent the membrane from
becoming too rigid at lower temperatures, maintaining an optimal level of fluidity [7].
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Figure1. Free energy profiles (FEPs) of the hydrophilic RONS, across the native and
modified phospholipid bilayers (PLBs). Native DOPC PLB, with P and N atoms illustrated as larger
beads for clarity. (b) Schematic depiction of the DOPC lipid molecule in its native, oxidized (DOPC-
ALD), and nitrated (DOPC-NIT) states. Reprinted/adapted with permission from Ref.[8]. 2023, The

Authors.

Cholesterol-rich domains, often referred to as "lipid rafts," can influence pore formation by
creating microenvironments that either facilitate or hinder the process, depending on their
organization and interaction with other membrane components. The charge and polarity of
phospholipid head groups also affect membrane behavior. For example, phosphatidylcholine (PC)
is a neutral phospholipid that contributes to membrane stability, while phosphatidylserine (PS)
carries a negative charge and is more likely to participate in interactions with positively charged
ions or molecules [9]. These electrostatic interactions can create localized regions of instability,
promoting pore formation under certain conditions. Proteins embedded within the lipid bilayer, such
as integral and peripheral membrane proteins, play a crucial role in maintaining membrane
structure and function. These proteins can influence pore formation through their interactions with
lipids and other proteins, as well as through their own structural changes. Many transmembrane
proteins span the entire lipid bilayer, and their movement or conformational changes can induce
localized stress on the membrane, leading to pore formation [10]. The distribution of lipids and
proteins across the inner and outer leaflets of the membrane is often asymmetrical, which can
affect pore formation. For example, the outer leaflet may have more glycosphingolipids, while the
inner leaflet is enriched in phosphatidylserine (PS) and phosphatidylethanolamine (PE). Membrane
modification refers to the changes in the composition, structure, and organization of the cell
membrane, which can significantly impact pore formation. [6].

EFFECT OF PORE SIZE ON MEMBRANE PERMEABILITY AND CELLULAR
OUTCOMES

Pore size is a critical factor that determines the permeability of the membrane and the
nature of molecules that can pass through it. Pores can range from small, transient openings that
allow selective ion passage to larger, more stable structures capable of permitting the movement of
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macromolecules [11]. Nano-pores are small pores with diameters ranging from 0.5 to 2
nanometers. These pores allow the selective passage of small ions, water molecules, and certain
metabolites while preventing the movement of larger molecules. Many ion channels in biological
membranes operate as nano-pores, regulating the movement of ions such as sodium (Na*),
potassium (K*), calcium (Ca?*), and chloride (CI7). The selective permeability of these channels is
essential for maintaining cellular homeostasis, generating electrical signals in nerve and muscle
cells, and facilitating intracellular communication. Aquaporins are specialized protein channels that
form nano-pores, allowing the rapid and selective transport of water molecules across the
membrane. This process is critical for regulating water balance in cells and tissues, particularly in
organs such as the kidneys and plant roots. These temporary pores allow for the rapid exchange of
small molecules and ions, enabling cells to adapt to fluctuating environmental conditions. Macro-
pores are larger openings, typically greater than 2 nanometers in diameter, which can allow the
passage of larger molecules, such as proteins, nucleic acids, and even entire organelles in some
cases [12].
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Figure 2. Snapshots capturing the pore formation process, extracted from the MD
trajectory: (a) at 0 ns, (b) 38.96 ns. Schematic illustrations of the native DOPC and nitrated DOPC
(DOPC-NIT). Dependence of the pore formation time on the electric

field. Reprinted/adapted with permission from Ref.[13] 2024, The Authors.

For instance, during apoptosis, certain proteins increase membrane permeability by forming
larger pores, enabling the release of cytochrome ¢ and other pro-apoptotic factors [14]. Pore size is
a determining factor in the permeability and functionality of cell membranes. While nano-pores
facilitate selective ion and water transport, macro-pores can lead to significant changes in cellular
integrity, often resulting in cell death. Understanding how pore size influences membrane behavior
is crucial for applications in biotechnology, medicine, and fundamental cell biology [11].

EXTERNAL CONDITIONS AND THEIR IMPACT ON MEMBRANE PORE FORMATION

External conditions such as pH, ion concentration, and osmotic pressure play a significant
role in influencing membrane stability and the likelihood of pore formation. These factors can affect
the membrane's charge distribution, fluidity, and overall structural integrity, making it more or less
susceptible to pore formation. Understanding how these external conditions interact with the
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membrane is crucial for gaining insights into cellular adaptability and responses to environmental
changes [15]. The pH of the surrounding environment can have a profound impact on the charge
distribution and ionization state of membrane lipids and proteins, leading to alterations in
membrane stability and permeability. The membrane's surface is often negatively charged due to
the presence of phospholipids such as phosphatidylserine (PS) and phosphatidylinositol (PI). At
acidic pH levels (low pH), the protonation of these negatively charged groups reduces electrostatic
repulsion between lipid molecules, leading to tighter packing and a more stable membrane.
Conversely, at higher pH levels (alkaline conditions), deprotonation increases the negative charge
on the membrane surface, resulting in increased electrostatic repulsion, membrane thinning, and
enhanced susceptibility to pore formation. Membrane proteins often contain amino acid residues
with pH-sensitive side chains that can alter their charge state in response to changes in pH. These
changes can induce conformational shifts, which, in turn, affect protein-lipid interactions and create
localized regions of instability in the membrane. These regions become potential sites for pore
formation, particularly when external stimuli are present. The concentration of ions in the
surrounding medium can significantly influence the transmembrane potential, which is a driving
force for pore formation. Changes in ion concentration can modify the electrochemical gradient
across the membrane, leading to alterations in membrane tension and permeability. These divalent
cations play a vital role in stabilizing the membrane by binding to negatively charged phospholipid
head groups, effectively neutralizing their charge and promoting tighter lipid packing. A decrease in
Ca?* or Mg?* concentrations results in reduced stabilization, making the membrane more prone to
pore formation. In contrast, an influx of these ions can increase membrane rigidity, reducing the
likelihood of spontaneous pore formation. The balance of K* and Na* ions is crucial for maintaining
the resting membrane potential. An imbalance, such as an increase in extracellular K*
concentration, reduces the transmembrane potential, thereby destabilizing the membrane and
facilitating pore formation. Conversely, increased Na* levels can enhance electrostatic interactions
with the membrane's surface, potentially inhibiting pore formation. Osmotic pressure, driven by
differences in solute concentration across the membrane, can generate water flow that exerts
mechanical stress on the membrane, contributing to pore formation. In a hypotonic environment,
water influx leads to cell swelling and increased membrane tension, making the membrane more
susceptible to pore formation. Conversely, in hypertonic conditions, water efflux causes cell
shrinkage and membrane invagination, which may also result in pore formation, particularly when
accompanied by other stress factors [16].
MECHANICAL FACTORS INFLUENCING MEMBRANE PORE FORMATION

Mechanical forces, such as membrane tension, shear stress, and compression, significantly
impact the structural integrity of the membrane and its ability to form pores. These forces can arise
from interactions with the external environment, cellular processes, or the application of external
stimuli, and they play a crucial role in determining the dynamics of pore formation. Membrane
tension refers to the mechanical stress exerted on the membrane due to external forces or internal
pressure. Increased membrane tension can lead to lipid reorganization and the formation of
pores [17]. When a membrane is subjected to external pressure or compression, the lipid bilayer's
structure is disturbed, leading to pore formation. This effect is often observed during physical
trauma or in cells subjected to mechanical stress, such as muscle cells during contraction.
Stretching forces, such as those experienced by cells in tissues undergoing deformation (e.g., skin,
lung, or muscle cells), can cause the membrane to expand and thin out. This thinning effect
reduces the energy barrier for pore formation, making the membrane more susceptible to the
initiation of pores. Mechanical factors, including membrane tension, shear stress, and
compression, play a significant role in modulating pore formation by inducing structural changes in
the membrane. These forces act in concert with chemical and environmental factors to regulate
membrane permeability and adaptability [18].

CONCLUSION
Membrane pore formation is a dynamic and multifaceted process that plays a crucial role in
various biological, biophysical, and medical applications. Moreover, the integrity of the cell
membrane is essential for maintaining cellular homeostasis, as it regulates the transport of ions,
molecules, and nutrients between the intracellular and extracellular environments. In conclusion,
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membrane pore formation is a dynamic and regulated process governed by a complex interplay of
chemical, physical, and mechanical factors. A deeper understanding of these mechanisms will
pave the way for innovative applications in diverse fields, ultimately contributing to advancements
in biomedical technology, drug delivery, and cellular biology.

REFERENCES

1. Lata, K., et al., Membrane dynamics and remodelling in response to the action of the membrane-damaging
pore-forming toxins. 2022. 255(2): p. 161-173.

2. Giacomello, A. and R.J.A.i.P.X. Roth, Bubble formation in nanopores: a matter of hydrophobicity, geometry,
and size. 2020. 5(1): p. 1817780.

3. Lalia, B.S,, et al., A review on membrane fabrication: Structure, properties and performance relationship.
2013. 326: p. 77-95.

4. Ray, S, et al., The plasma membrane as a capacitor for energy and metabolism. 2016. 310(3): p. C181-
C192.

5. Deyv, S.B,, et al., Medical applications of electroporation. 2000. 28(1): p. 206-223.

6. Kulma, M., G.J.C. Anderluh, and M.L. Sciences, Beyond pore formation: Reorganization of the plasma
membrane induced by pore-forming proteins. 2021. 78(17-18): p. 6229-6249.

7. Jovanovi¢, A.A,, et al., Comparative effects of cholesterol and (-sitosterol on the liposome membrane
characteristics. 2018. 120(9): p. 1800039.

8.  Abduvokhidov, D., et al., Unraveling the transport properties of RONS across nitro-oxidized membranes.
2023. 13(7): p. 1043.

9. Sinn, C.G,, et al., Binding of calcium to phosphatidylcholine—phosphatidylserine membranes. 2006. 282: p.
410-419.

10. Ros, U. and A.J.J.T.J.o.m.b. Garcia-Saez, More than a pore: the interplay of pore-forming proteins and
lipid membranes. 2015. 248: p. 545-561.

11. O'Brien, F.J., et al., The effect of pore size on permeability and cell attachment in collagen scaffolds for
tissue engineering. 2007. 15(1): p. 3-17.

12. Hannesschlaeger, C., A. Horner, and P.J.C.r. Pohl, Intrinsic membrane permeability to small molecules.
2019. 119(9): p. 5922-5953.

13. Niyozaliev, M., et al., Unraveling the influence of nitration on pore formation time in electroporation of cell
membranes: a molecular dynamics simulation approach. 2024. 57(28): p. 285202.

14. Maloney, T., H.J.J.0.p. Paulapuro, and p. science, The formation of pores in the cell wall. 1999. 25(12): p.
430-436.

15. Akimov, S.A., et al., Pore formation in lipid membrane II: Energy landscape under external stress. 2017.
7(1): p. 12509.

16. Chadwick, S.R., J.-z. Wu, and S.A.J.C.P.B. Freeman, Solute transport controls membrane tension and
organellar volume. 2021. 55: p. 1-24.

17. Wang, K., et al., Mechanical characterization of membranes, in Membrane characterization. 2017, Elsevier.
p. 259-306.

18. Marin-Medina, N., et al., Mechanical properties that influence antimicrobial peptide activity in lipid
membranes. 2016. 100: p. 10251-10263.

l 2024 No6 109




