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Abstract: Water is central to biological processes not only as a solvent but also as an agent shaping
macromolecular behaviour. Insights into water micro-assemblies (WMA), defined by transient
regions of low-density water (LDW) and high-density water (HDW), have highlighted their potential
impact on biological phenomena. LDW, with its structured hydrogen bonding networks and reduced
density, stabilizes hydrophobic interfaces and promotes ordered molecular configurations.
Conversely, HDW, with its dynamic and flexible nature, facilitates transitions, solute mobility and
molecular flexibility. By correlating experimental observations with simulations, we explore the
influence of WMA on three key biological processes. In protein folding, LDW may stabilize
hydrophobic cores and secondary structures by forming structured exclusion zones, while HDW may
introduce dynamic flexibility, promoting the resolution of folding intermediates and leading to
dynamic rearrangements. In enzyme catalysis, LDW may form structured hydration shells around
active sites stabilizing active sites over longer timescales, while HDW may support substrate access
and catalytic flexibility within active sites. In membrane dynamics, LDW may stabilize lipid
headgroups, forming structured hydration layers that enhance membrane rigidity and stability,
while HDW may ensure the nanosecond-scale flexibility required for vesicle formation and fusion.
Across these tree processes, the WMA's energy contributions, timescales and spatial scales align with
the forces and dynamics involved, highlighting the role of LDW and HDW in modulating cellular
interactions. This perspective holds implications for the design of lab-on-chip devices, advancements
in sensor technologies, development of biomimetic membranes for drug delivery, creation of novel
therapeutics and deeper understanding of protein misfolding diseases.

Keywords: hydrogen bond dynamics; molecular interfaces; solvation effects; dynamic water clusters;
hydration layers

Introduction

Traditionally regarded as a passive solvent, water’s role extends beyond merely providing a
medium for biochemical reactions since its structural and dynamic properties enable active
participation in biological phenomena (Dargaville and Hutmacher, 2022). The structural
heterogeneity of liquid water arises from the continuous assembly and disassembly of hydrogen
bonds, forming diverse geometric configurations that reflect water’s branched polymeric nature
(Shiotari and Sugimoto, 2017). These configurations, termed water micro assemblies (WMA), have
been extensively studied under extreme conditions, such as supercritical water (Skarmoutsos and
Samios, 2016), high-pressure crystals in supercooled water (Kim et al., 2009; Lin et al., 2018), frozen
water confined within nanometric slit pores (Koga et al., 2020) or nanochannels formed by cubic
crystalline phases (Das et al., 2019). However, relatively little attention has been given to the
microstructure of liquid water at ambient temperature and pressure. Under standard conditions, each
water molecule forms up to four hydrogen bonds, creating a tetrahedral structure (Fanetti et al., 2014;
Liu et al., 2017; Milovanovic et al., 2020). Fluctuations in hydrogen bond numbers, ranging from 2 to
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6, result in molecules being either “loosely” or “tightly” bound (Thaomola et al., 2017). Liquid water
has been described as a dynamic mixture of pentagonal and hexagonal rings (Shiotari and Sugimoto,
2017; Formanek and Martelli, 2020), of tetrahedral structures and of ring-and-chain-like assemblies
(Liu et al., 2017). These configurations form densely connected spherical cores of approximately 140
water molecules, surrounded by fuzzy zones of ~1800 loosely connected molecules (Liu et al., 2017).
Strong hydrogen bonds create multibranched polymers of about 150 molecules per chain (Naserifar
et al., 2019), while density fluctuations form empty spaces resembling spherical or fractal-like voids
(Ansari et al., 2018). Other WMA descriptions include a giant cluster percolating the system (dos
Santos et al.,, 2002) and a linear, chain-like structure dominating the tree-like arrangement of the
largest cluster (Jedlovszky et al., 2007).

The two-liquids scenario argues that liquid water comprises two competing molecular
structures: low-density water (LDW) and high-density water (HDW) (Table 1). Although frequently
observed under extreme conditions, these structures are also found under ambient conditions (Cheng
et al.,, 2019). LDW features ordered gaps between molecular shells (de Oca et al., 2019), while HDW
is associated with high-entropy, unstructured states. LDW consists of fused dodecahedra acting as
templates for tetrahedral fluctuations, while HDW forms chain-like structures (Camisasca et al.,
2019). LDW patches exhibit greater tetrahedrality and connectivity than HDW patches (Ansari et al.,
2018; Faccio et al., 2022).

We describe how LDW and HDW may significantly influence biological processes by creating
localized environments with specific physical and chemical properties. LDW regions, characterized
by ordered hydrogen bonding networks, lower density and reduced entropy, may stabilize structural
integrity near hydrophobic interfaces. Conversely, HDW regions, with higher density and entropy
and weaker hydrogen bonds, may facilitate conformational transitions, enhance molecular mobility
and disrupt ordered structures. This interplay likely impacts processes such as protein folding,
enzyme catalysis and DNA and RNA dynamics. Their physical dimensions make WMA compatible
with interacting with biological processes and capable of influencing the behaviour of biological
macromolecules. Water molecules (~2 A) form LDW and HDW patches ranging from 0.3-2 nm
(Ansari et al., 2018). Near ambient conditions, LDW has a density of 0.78 g/cm?, while HDW reaches
1.08 g/cm® (Nomura et al., 2017). Although noncovalent bonds in liquid water at room temperature
last under 200 femtoseconds (Lodish et al., 2000; Bako et al., 2013; Naserifar et al., 2019), LDW persists
for nearly half a second at 160 K (Lin et al., 2018). Despite their brief lifetimes (Camisasca et al., 2019),
LDW and HDW create localized density changes that may affect environmental dynamics and drive
macroscopic chemical and biophysical processes (Fanetti et al., 2014; Skarmoutsos and Samios, 2016;
Faccio et al.,, 2022). Also, we argue that percolation theory may play a pivotal role in influencing
biochemical processes driven by WMA. In the context of water percolation, LDW may contribute to
long-range connectivity within hydration layers, while HDW may provide localized flexibility.

This study explores the influence of WMA on biological phenomena by integrating experimental
observations with theoretical insights. By focusing on key processes such as protein folding, enzyme
catalysis and membrane dynamics, we aim to establish a framework that underscores water’s active
role in shaping the behavior of biological macromolecules. Examining the formation, dynamics and
interplay of LDW and HDW, the study provides detailed analyses of their impacts, supported by
molecular dynamics simulations and theoretical models.

Table 1. Differences between low-density water (LDW) and high-density water (HDW).

Low-Density Water (LDW) High-Density Water (HDW)
Structure Ordered hydrogen bonding networks Disrupted hydrogen bonding
networks
Density Lower (~0.78 g/cm?) Higher (~1.08 g/cm?)
Entropy Reduced (more ordered) Increased (more disordered)
Stabilizes hydrophobic interfaces and Disrupts ordered zones, allowing

Hydrophobicit iti
ydrophobicity molecular cores transitions

d0i:10.20944/preprints202501.1942.v1


https://doi.org/10.20944/preprints202501.1942.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 January 2025 d0i:10.20944/preprints202501.1942.v1

3 of 16

H

ydr?gen Strong and extended networks Flexible and transient
Bonding
Mobility Lower molecular mobility (structured) Higher molecula}r mobility

(dynamic)

Biological Stabilizes protein folding, secondary Enhances transitions, substrate
Impact structures, lipid headgroups turnover, molecular flexibility
Lifespan Longer (-200 fs to 0.5 seconds in Shorter and highly dynamic

specific conditions)

Theoretical Effects of Water Micro Assemblies on Biological Phenomena

The concept of water micro assemblies (WMA), as discussed in the previous chapter, provides a
compelling theoretical framework for understanding physical and dynamic processes (Laage et al.,
2017). Below are some potential applications and behaviors explained by WMA:

1) Protein folding and stability. The dynamic interplay between HDW and LDW regions may
influence protein folding pathways. Localized density variations may create microenvironments
that stabilize or destabilize intermediate folding states.

2) Enzyme catalysis. WMA may modulate catalytic efficiency by restructuring local density and
hydrogen-bonding networks near enzyme active sites, enhancing reaction kinetics.

3) Membrane dynamics. Water micro assemblies may impact the stability and interactions of lipid
bilayers, offering insights into phenomena such as lipid rafts and transient membrane pore
formation.

1) Biological folding and protein stability. Proteins rely on their interactions with water to
achieve and maintain their functional structures (Sen and Voorheis, 2014; Schiebel et al., 2018). The
interplay of various forces during folding, such as hydrophobic interactions, hydrogen bonding,
electrostatic interactions, van der Waals forces and steric constraints highlights the central role of
water in these processes (Bellissent-Funel et al., 2016; Phan-Xuan et al., 2020).

Hydrophobic interactions are a key driving force in macromolecular folding, as nonpolar
residues cluster internally to avoid water (Fogarty and Laage, 2014; Ye et al., 2024). LDW regions,
with their reduced density and structured hydrogen bonding network, may facilitate this process by
forming ordered exclusion zones around hydrophobic groups, stabilizing the burial of nonpolar
residues. Meanwhile, HDW regions, less structured and more dynamic, may support the transient
exposure of hydrophobic residues during early folding stages. Hydrogen bonding is another critical
force which stabilizes secondary structures such as a-helices and (3-sheets. HDW, due to its higher
entropy and looser hydrogen bonds, may disrupt weaker hydrogen bonds in unfolding scenarios,
whereas LDW may enhance hydrogen bond stability during folding.

Electrostatic interactions, such as salt bridges and charged residue pairings, are crucial for
directing protein folding pathways and stabilizing the final folded structure. The local density
variations between LDW and HDW may influence the dielectric constant of water, modulating
electrostatic interaction strength. LDW, by reducing shielding effects, may enhance charge-charge
attractions in localized regions, promoting stability. Van der Waals forces, though weaker and
distance-dependent, are crucial for stabilizing tightly packed molecular cores (Li et al., 2018). The
structured nature of LDW may enhance these forces by increasing the local organization of
interacting molecules within protein interiors. Steric constraints further limit the conformational
space accessible to macromolecules, as backbone torsions and side-chain interactions impose
structural restrictions. LDW’s ordered environment may help resolve steric clashes, guiding
molecules toward favorable conformations, while HDW may provide flexibility for conformational
sampling in partially unfolded states.

The involvement of WMA in biological folding becomes plausible when considering their
energy, timescale and spatial dimensions. The energy scales of folding forces align with the
contributions of LDW and HDW transitions (Table 2), suggesting that WMA may significantly
influence folding energetics. The interplay between LDW and HDW may fine-tune the folding energy
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landscape, balancing stability and flexibility across the conformational space to optimize transitions
(Figure 1). The timescales of WMA also align well with the dynamic requirements of folding
processes. Protein folding occurs over milliseconds to seconds for small, single-domain proteins,
while LDW and HDW regions exhibit lifetimes ranging from ~200 femtoseconds to 0.5 seconds. This
temporal overlap allows micro assemblies to influence both the rapid early stages of folding and the
slower stabilization of intermediate or final structures. Spatially, the sizes of micro assemblies,
ranging from ~0.3 to 2 nm, are sufficient to interact with folding nuclei (typically ~5 to 10 A) and
influence tertiary and quaternary structural organization.

Experimental and theoretical studies provide evidence for the role of WMA in biological folding
and stability. Hydration dynamics reveal how LDW and HDW influence solvation shell behavior
(Camisasca et al., 2023). These studies highlight the ability of LDW to form structured, ice-like
networks around biomolecules, stabilizing their conformations, while HDW introduces dynamism
required for conformational transitions. Evidence from folding pathways, particularly in cold
denaturation studies, further supports the relevance of structured water (Taricska et al., 2019). Cold
denaturation, where proteins unfold at low temperatures, has been linked to the stabilization of
unfolded states by structured hydration layers, consistent with the properties of LDW-HDW
transitions (Espinosa et al., 2019)

In sum, WMA may represent a feasible and energetically relevant mechanism for modulating
biological folding and stability. Their ability to dynamically adjust local density, hydrogen bonding
and dielectric properties makes them a critical, yet underexplored, factor in biophysical processes.
LDW stabilizes hydrophobic interactions and secondary structures, while HDW enables dynamic
transitions and flexibility. These complementary roles, supported by energy and timescale
compatibility, suggest that WMA are integral to the folding process and its regulation.

Table 2. Functional Roles of Water Micro assemblies in Protein Folding Processes.

Ener Microaggregate
) gy, Role in Protein Impact of Micro Energy
Force Type Contribution . . s
Folding assemblies Contribution
(kcal/mol)
(kcal/mol)
LDW enhances
Guide charged electrostatic
Electrostatic . re31d1.1e mteFactlo.ns by' LDW: ~1-3,
Interactions ~1-3 interactions lowering dielectric HDW: ~1-3
and folding constant; HDW '
pathways facilitates charge
redistribution.
LDW strengthens
Stabilizes hydrogen bonds,
secondary stabilizing folding
Hydrogen . . LDW: ~1-3,
) ~1-5 structures (e.g., intermediates; HDW
Bonding . ot HDW: ~1-3
a-helices, (3- allows flexibility for
sheets) conformational
sampling.
LDW creates
structured exclusion
Drive zones around
H hobi ~0.5-1 LDW: ~1-
ydrop. obic 0 5_ per hydrophobic hydrophobic residues; 3
Interactions residue . . HDW: ~1-3
core formation HDW transiently

disrupts zones to allow
folding progression.
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LDW enhances
e alignment and packing
Van der  ~0.1-0.3 per Stazlclliztliﬁly in the hydrophobic LDW: ~0.5-1,
Waals Forces atom pair P core; HDW supports HDW: ~0.5-1
structures . .
transient adjustments
during folding.
LDW-HDW transitions
fine-tune hydration
Modul
Solvation Variable fol digdtr?;i layers, stabilizing LDW: ~1-3,
Dynamics & &Y intermediates and HDW: ~1-3
landscape o .
guiding the folding
process.

3D Energy Landscape with Highlighted LDW and HDW Influences 3D Energy Landscape with Highlighted LDW and HDW Influences

x  LDW Influence Zones x  LDW Influence Zones
x HDW Influence Zones x  HDW Influence Zones

Figure 1. Theoretical 3D visualization of the energy landscape shaped by water microaggregates, illustrating the
combined effects of LDW and HDW. LDW zones, depicted in blue, stabilize the energy landscape by forming
depressions near local minima, while HDW zones, represented in red, enhance flexibility and facilitate dynamic

transitions near transition states.

2) Enzyme catalysis. Enzymatic reactions are governed by various physical forces, all of which
align with the unique properties of WMA (Adamczyk et al., 2014; Fogarty and Laage, 2014. Zsido
and Hetényi, 2021). Electrostatic effects are critical in enzyme catalysis, as charged residues and
substrates interact to stabilize the transition state and orient substrates within the active site. LDW,
with its lower dielectric constant, may enhance these interactions by reducing charge screening,
thereby increasing the strength of electrostatic interactions. HDW, due to its flexible hydrogen
bonding and higher local entropy, may assist in charge redistribution during catalytic transitions,
helping enzymes overcome energy barriers associated with electron transfer or polarization. This
dual role enables WMA to modulate the precise electrostatic environment required for catalysis.

Hydrophobic interactions contribute to substrate stabilization by forming nonpolar pockets
within enzyme active sites (Kurkal et al., 2005). These hydrophobic pockets exclude bulk water,
providing a favorable microenvironment for substrate binding. LDW regions may amplify this effect
by creating structured exclusion zones around nonpolar residues, reinforcing the hydrophobic
pocket’s integrity. On the other hand, HDW, with its dynamic nature and reduced local density, may
transiently disrupt these zones, allowing substrate access to the active site. This balance may ensure
that the enzyme maintains a stable yet flexible environment, optimizing both substrate
accommodation and turnover. Hydrogen bonding is another cornerstone of enzyme catalysis,
stabilizing intermediates and transition states while maintaining precise catalytic geometry. LDW
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regions, with their stable and extended hydrogen bonding networks, may strengthen these
interactions, particularly with polar substrates or intermediates. Conversely, HDW, characterized by
dynamic and flexible hydrogen bonding, may facilitate transitions between intermediates and
supports efficient product release.

Van der Waals forces play a significant role in substrate alignment and transient state
stabilization within enzyme active sites. LDW regions, with their structured local environments, may
enhance molecular alignment and optimize these weak interactions. HDW, on the other hand, may
introduce the required dynamics to ensure that transient interactions remain flexible, allowing
enzymes to adapt their active site to different catalytic steps. Dynamic solvation effects, wherein
fluctuations in the solvent modulate energy barriers and facilitate substrate-product exchange, are
intrinsically linked to LDW-HDW transitions. These transitions may enable WMA to fine-tune
solvation dynamics at each step of the catalytic cycle. LDW regions stabilize specific steps, such as
substrate binding or transition state stabilization, while HDW regions introduce dynamic flexibility
to promote intermediate transitions and product release. This adaptability may be crucial for the
efficiency of enzymatic reactions.

The alignment of WMA energetics with enzymatic processes further supports their potential to
influence enzyme catalysis (Table 3). The timescales of enzymatic processes, which typically range
from microseconds to milliseconds, align well with the lifetimes of LDW and HDW regions, which
span from 200 femtoseconds to 0.5 seconds. For instance, LDW regions may stabilize critical transition
states over microsecond timescales, while HDW regions provide the rapid flexibility needed for
intermediate transitions on sub-nanosecond timescales. Spatially, enzyme active sites are typically 1-
10 nanometers in size, a scale well-suited for interactions with micro assemblies, which range from
0.3 to 2 nanometers. This spatial compatibility may allow LDW and HDW regions to directly
influence active site dynamics, stabilizing critical regions and facilitating the movement of substrates
and products. LDW may form around hydrophobic residues in the active site, enhancing substrate
stability, while HDW may transiently occupy solvent-accessible areas.

Experimental and theoretical evidence supports the role of WMA in enzyme catalysis.
Structured water layers, as observed through solvent isotope effects and hydration studies, correlate
with enhanced catalytic rates, aligning with the behavior of LDW (Kurkal-Siebert et at., 2006). Cryo-
EM and X-ray crystallography further reinforce this perspective by revealing ordered water clusters
near enzyme active sites (Brogan et al., 2014). These clusters, consistent with LDW properties, may
play a crucial role in stabilizing catalytic residues. Theoretical studies add depth to this
understanding. Molecular dynamics simulations demonstrate that water clusters near active sites
exhibit high sensitivity to changes in hydrogen bonding, mirroring the dynamic interplay between
LDW and HDW. These transitions highlight the adaptability of WMA in responding to the demands
of enzymatic processes, such as stabilizing intermediates or facilitating substrate-product transitions.

The case of chymotrypsin illustrates how WMA may influence enzymatic function.
Chymotrypsin, a serine protease, relies on a catalytic triad comprising serine, histidine and aspartate
residues for its nucleophilic attack mechanism (Jing et al., 2002). This process is supported by a
structured hydration layer, a hallmark of LDW behavior (Kozlova et al., 1999; Eckstein et al., 2002).
LDW may stabilize the catalytic triad by strengthening hydrogen bonding, ensuring the alignment
and reactivity of these residues. Conversely, HDW may facilitate rapid proton transfer and substrate
turnover by modulating local water density, providing the necessary flexibility for catalytic
efficiency.

In sum, WMA provide a viable and energetically significant mechanism for influencing enzyme
catalysis. Their ability to dynamically adjust hydrogen bonding, hydrophobic interactions, local
density and solvation properties makes them possible contributors to catalytic processes.
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Table 3. Functional roles of water micro assemblies in enzyme catalysis.
Energy ' . Microaggregate
s Role in Impact of Micro Energy
Force Type Contribution . . o
Catalysis assemblies Contribution
(kcal/mol)
(kcal/mol)
LDW enhances interactions

Electrostatic Stabilize by lowering the dielectric LDW: ~1-3, HDW:

. ~1-3 o e
Interactions transition states constant; HDW facilitates ~1-3

charge redistribution.
tabili LDW t lusi

Hydrophobic ~0.5-1 per Stabilize Promoes exetis O LDW: ~1-3, HDW:

. . substrates in zones; HDW transiently
Interactions residue ~1-3

pockets opens access pathways.
LDW strengthens bonds;
Hydrogen 15 Stabilizes HDW enables dynamic LDW: ~1-3, HDW:
Bonding intermediates flexibility for transition ~1-3
states.
LDW improves alignment
Van der Waals ~0.1-0.3 per Align precision; HDW supports ~ LDW: ~0.5-1, HDW:
Forces atom pair substrates transient substrate ~0.5-1
dynamics.
LDW-HDW transitions

Solvation . Modulate fine-tune solvation LDW: ~1-3, HDW:

. Variable . . . .
Dynamics energy barriers  dynamics during different ~1-3

catalytic stages.

3) Membrane dynamics. Biological membranes rely heavily on interactions with surrounding
water for their structural integrity, fluidity and functionality (Higgins et al., 2006; Wood et al., 2007;
Chattopadhyay et al., 2021). The interplay between LDW and HDW regions in the aqueous
environment may provide insights into how water influences processes such as lipid organization,
protein-membrane interactions and membrane dynamics. Electrostatic interactions are essential for
membrane dynamics in stabilizing the polar headgroups of lipids and mediating interactions with
charged proteins. LDW regions, with their lower dielectric constant and ordered hydrogen bonding,
may enhance membrane electrostatic stabilization by reducing charge screening and strengthening
headgroup interactions. HDW regions, on the other hand, may facilitate rapid ion exchange and
dynamic interactions between polar lipids and surrounding ions or proteins. This dual behavior
ensures that membranes maintain stability while allowing flexibility for dynamic processes.

Hydrophobic interactions are another crucial component of membrane dynamics, driving the
self-assembly of lipid bilayers and maintaining their structural integrity (Cheng et al., 2013; Fisette et
al., 2016). Nonpolar lipid tails cluster together to minimize water exposure, a process which may be
amplified by LDW regions forming structured exclusion zones around hydrophobic regions.
Conversely, HDW regions may transiently disrupt these zones, allowing for the lateral mobility of
lipids and enabling dynamic rearrangements critical for processes like fusion, fission and protein
insertion. Still, hydrogen bonding plays a significant role in maintaining the hydration shells of lipid
headgroups and facilitating interactions between the membrane and water-soluble molecules. LDW
regions, with their stable hydrogen bonding networks, may provide consistent hydration to polar
headgroups, enhancing membrane stability. In contrast, HDW regions, with their dynamic hydrogen
bonding, may support processes requiring flexibility, such as lipid flip-flop, membrane deformation
or protein-membrane interactions. Van der Waals forces are crucial for lipid packing and membrane
stability. LDW regions, by organizing water molecules near the lipid interface, may enhance
molecular packing and stabilize membrane structure. Meanwhile, HDW regions may contribute to
the dynamic rearrangement of lipids, ensuring the bilayer remains fluid and adaptable under varying
conditions.

The transition between different membrane phases, such as the liquid-ordered and liquid-
disordered states, provides a case study in microassembly influence. LDW regions may stabilize the
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liquid-ordered phase by enhancing hydrogen bonding and hydrophobic stabilization, while HDW
regions may support the flexibility needed for transitions to the liquid-disordered phase, facilitating
processes such as membrane protein activation or lipid raft formation. Dynamic solvation effects,
where water molecules in the hydration shell modulate energy barriers and lipid dynamics, may be
influenced by LDW-HDW transitions. LDW regions may stabilize bilayer formation by providing
structured hydration to lipid headgroups, while HDW regions may allow rapid water exchange and
flexibility, supporting membrane-associated processes such as vesicle formation and membrane
protein function.

The ability of WMA to influence membrane dynamics is reinforced by their energetic
compatibility (Table 4), suggesting that WMA can meaningfully modulate the forces driving
membrane behavior. The timescales of membrane dynamics, ranging from nanoseconds for lipid
diffusion to milliseconds for processes like vesicle budding, align well with LDW and HDW lifetimes.
This temporal compatibility may allow WMA to influence both rapid lipid rearrangements and
slower membrane remodeling events. Spatially, the thickness of the lipid bilayer (~4—6 nm) and the
hydration shell (~0.3-1 nm) are well-matched to the size of LDW and HDW regions, ensuring that
WMA may interact with membrane components and their surrounding environment.

Experimental evidence supports the involvement of WMA in membrane dynamics. Neutron
scattering and cryo-EM studies have revealed ordered water layers around lipid headgroups,
consistent with LDW properties (Frolich et al., 2009). Ultrafast spectroscopy and NMR studies further
demonstrate the dynamic nature of hydration layers, aligning with the behavior of HDW (Zigmantas
et al, 2022; Lorenz-Ochoa et al., 2023). Molecular dynamics simulations provide additional
theoretical support, showing structured and dynamic water regions interacting with lipid bilayers
and modulating membrane properties.

In sum WMA provides a plausible mechanism for influencing membrane dynamics. Their ability
to modulate hydrogen bonding, electrostatic interactions and solvation dynamics positions them as
critical contributors to the stability and functionality of biological membranes.

Table 4. Functional roles of water micro assemblies in membrane dynamics.

d0i:10.20944/preprints202501.1942.v1

Energy Role in ‘ Microaggregate
. Impact of Micro Energy
Force Type Contribution Membrane . .
(kcal/mol) Dvnamics assemblies Contribution
¥ (kcal/mol)
LDW enhances
Stabilize lipid steﬁ?iiiizipb
Electrostatic headgroups . on by LDW: ~1-3,
Interaction ~1-3 nd Brotein lowering dielectric HDW: ~1-3
eractions and protet constant; HDW '
interactions - .
facilitates dynamic ion
exchange.
LDW strengthens
s | P

Hydrogen 15 hydration shells HDW su or%s rapicli LDW: ~1-3,
Bonding around lipid PP P HDW: ~1-3

rearrangements during

headgroups
membrane
remodeling.
LDW forms structured
Drive lipid tail exclusion zones
Hydrophobic ~0.5-1 per clusterii and around lipid tails; LDW: ~1-3,
Interactions lipid . g an HDW transiently HDW: ~1-3
bilayer stability

disrupts zones for
fluidity.
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LDW improves
packing by structuring
Van der  ~0.1-0.3 per Stabilize lipid water near lipid LDW: ~0.5-1,
Waals Forces atom pair packing interfaces; HDW HDW: ~0.5-1
supports lateral
diffusion.
Modaetia LN i
Solvation , mobility and Just iy , LDW: ~1-3,
. Variable . to support vesicle
Dynamics protein X . HDW: ~1-3
. . formation, fusion and
Incorporation

protein binding.

Percolation of Water Microassemblies and Its Role in Biological Systems

Short-lived WMA can form extensive networks that significantly influence average flow
properties. The emergence of large-scale connectivity within high-density water assemblies may
facilitate percolation through three-dimensional hydrogen-bonded water lattices (Timonin, 2018).
Evidence supports the occurrence of percolation in water (Bernabei & Ricci, 2008; Strong et al., 2018).
For instance, percolation transitions in hydrogen bond networks have been observed in supercritical
water, especially at high molecular densities (Jedlovszky et al.,, 2007). These transitions follow a
universal power law, with percolation occurring when the fractal dimension of the largest cluster
approaches 2.53 (Galam & Mauger, 1996; Jedlovszky et al., 2007). A percolating network requires
approximately 40% of possible hydrogen bonds to be intact. Simulations reveal that initially
disconnected clusters coalesce at critical cut-off values, forming large, space-filling networks with
minimal disconnected fragments (Geiger, 1978). Given that 18.01528 grams of water contain
6,02214076x10% water molecules, the number of percolating molecules is immense, with a system-
spanning cluster emerging at a probability of 0.65 in liquid water (Oleinikova et al., 2002).

Percolation significantly influences flow dynamics by creating transient obstacles. Hydrogen
bond energies (1-5 kcal/mol) are much lower than those needed to break covalent bonds (~110
kcal/mol) (Lodish et al.,, 2000). This means that the average molecular kinetic energy at room
temperature (~0.6 kcal/mol) is sufficient to disrupt noncovalent bonds, allowing hydrogen bond-
induced barriers to influence liquid water flow (Lodish et al., 2000).

Percolation theory offers insights into how WMA influence hydrogen bond networks, phase
transitions and transport phenomena. We propose the following theoretical framework:

1) LDW and Percolation Clusters. LDW forms well-ordered hydrogen bond structures, facilitating
connectivity and the formation of percolation clusters. Conversely, HDW, with its disrupted
hydrogen bonding, acts as a barrier to connectivity.

2) Phase Transition Dynamics. At lower temperatures, LDW regions expand, forming nuclei
essential for freezing, while HDW fragments connectivity in supercooled water. In supercritical
water, HDW dominates, leading to high diffusivity and low connectivity. As the system
transitions back to the liquid phase, LDW re-establishes percolation, restoring cohesion and
reducing diffusivity.

3) Diffusion and Transport. Diffusion in liquid water depends on cooperative molecular
movement within hydrogen bond networks. LDW forms stable pathways for molecular and ion
transport, while HDW introduces transient disruptions. At the percolation threshold, LDW
clusters span the system, enabling continuous transport pathways. Proton transport, for
instance, relies on rapid hydrogen bond reorganization. LDW maintains stable pathways for
proton hopping, whereas HDW slows the process due to structural disorder.

4) Dynamic Percolation and Temperature Effects. Dynamic percolation in water is characterized
by the continuous breaking and reforming of hydrogen bonds. At lower temperatures, LDW
dominates, forming long-lived percolation clusters, whereas at higher temperatures, HDW
fragments the networks, increasing molecular mobility.
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5) Constrained Percolation in Confined Environments. In confined environments, such as
nanoporous materials or near biomolecular surfaces, water may exhibit constrained percolation.
LDW forms ordered layers near hydrophilic interfaces, providing stability, while HDW
dominates bulk regions or hydrophobic zones, introducing flexibility and disorder.

In sum, the WMA theoretical framework highlights the fundamental role of percolation in
biological systems and provides a basis for further exploration of LDW and HDW's influence on
molecular and macroscopic phenomena. Future integration of percolation models with experimental
and computational approaches will help unravel the complexity of these dynamic water networks.

Conclusions

Liquid water exhibits intrinsic chemical inhomogeneity, manifesting as a dynamic three-
dimensional network characterized by microscopic density fluctuations and structural variations.
Water, far beyond being a passive solvent, plays an active and multifaceted role in driving and
modulating biological phenomena. This study explored the concept of WMA, characterized by LDW
and HDW regions, as dynamic contributors to various molecular and cellular processes. Through
their distinct physical and chemical properties, WMA offer a framework to better understand the
behavior of water at the nanoscale and its influence on key biological processes. LDW, defined by
structured hydrogen bond networks, lower density and high coherence, may stabilize hydrophobic
interactions, hydrogen bonding and molecular order. Conversely, HDW, with its dynamic, higher-
density and entropy-driven properties, may facilitate flexibility, conformational sampling and rapid
transitions. These dual roles enable WMA to act as adaptable mediators across a wide range of
biological phenomena, optimizing stability and functionality under varying conditions. Across
protein folding, enzyme catalysis and membrane dynamics, the energy contributions, timescales and
spatial scales of WMA align with the forces and dynamics involved, underscoring the critical role of
LDW and HDW transitions in modulating dynamical interactions in the cellular milieu.

While the concept of WMA is still emerging, their influence may extend beyond understanding
fundamental biological processes. WMA may have significant implications across experimental,
technological and pathological contexts, spanning multiple disciplines, including molecular biology,
fluid dynamics and materials science.

In microfluidics and nanofluidics, understanding the dynamic behavior of these micro
assemblies can lead to enhanced control of water within confined geometries, a critical factor for
designing lab-on-chip devices that require precise manipulation of fluid dynamics at the microscale.
The ability to induce or manipulate LDW and HDW regions artificially opens the door to creating
targeted micro-vortices or density variations. Such capabilities may pave the way for novel sensor
technologies where the localized structuring of water affects sensitivity and detection thresholds or
for advanced turbulence control mechanisms in engineering systems. Also, artificial catalysts may
benefit from mimicking LDW-HDW transitions, improving efficiency by incorporating water-like
dynamics into synthetic systems.

In biomedical and pharmaceutical contexts, understanding WMA can inform the design of
drugs and therapeutics that leverage hydration dynamics. Mimicking the properties of WMA may
inspire the development of biomimetic systems such as responsive hydrogels or biomimetic
membranes with tailored properties for drug delivery. In drug design, targeting water dynamics
within active sites may optimize the specificity and efficacy of ligand binding and enzyme inhibitors,
enhancing drug efficacy. Our study also highlights the importance of exploring the role of WMA in
complex and confined environments, such as within cells or in biomolecular assemblies. In these
scenarios, water’s behavior deviates significantly from that of bulk water, with hydration layers and
confined spaces amplifying the influence of micro assemblies. Understanding these effects may
reveal new principles underlying cellular organization, molecular recognition and signal
transduction.

Additionally, understanding water’s role in pathological conditions, such as protein misfolding
diseases, cancer or neurodegeneration, may open new avenues for therapeutic intervention.
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Abnormal interactions between LDW and HDW may contribute to the pathological protein
aggregation observed in lipid storage disorders and neurodegenerative diseases such as Alzheimer’s
or Parkinson’s disease (Polychronidou et al., 2020; Padilla-Godinez et al., 2021). Similarly, variations
in water density may explain some of the unique physical and biochemical properties of tumor
microenvironments (He et al., 2022). In cancer, localized turbulence or non-uniform water structuring
in the interstitial fluid may influence nutrient transport, cellular communication and drug delivery
effectiveness.

Despite significant advances, challenges persist in fully understanding the role of WMA in
biological phenomena. The transient and highly dynamic nature of LDW and HDW makes their
phase spaces difficult to explore, leading to the upsetting concept of “water’s no-man’s land” (Lin et
al., 2018). Despite liquid water can be tackled in terms of an evolving, fluctuating and branched
polymer (Naserifar et al., 2019), a full understanding of its dynamical and structural properties is still
lacking (Fanetti et al., 2014) due to technical difficulties in gaining experimental information on
ultrafast interplay (Tamtogl et al., 2020). The heterogeneity of water is usually approached through
simulation of molecular dynamics, such as, e.g., conventional QM/MM scheme and ONIOM-XS
methods (Thaomola et al., 2017), second-order Meller-Plesset perturbation theory (Liu et al. 2017),
quantum Monte Carlo, non-canonical coupled cluster theory (Al-Hamdani and Tkatchenko, 2019),
modified Louvain algorithm of graph community (Gao et al.,, 2021), topological local (clustering
coefficient, path length and degree distribution) and global (spectral analysis) properties (dos Santos
etal., 2002; Carreras et al., 2008; Steinberg et al., 2019), persistent homology methods (Wu 2020). These
methods operate at different temporal and spatial resolutions, necessitating further integration for a
more comprehensive understanding. Weak, non-covalent interactions have been experimentally
studied just in small molecular complexes, falling short of the macroscopic structural properties that
are typical of complex soft materials such as, e.g., supramolecular aggregates (Al-Hamdani and
Tkatchenko, 2019). To make things more complicated, totally different networks topologies and
physical interpretations have been provided, depending on how rings have been counted (Das et al.,
2019; Formanek and Martelli, 2020).

It remains uncertain whether liquid water exhibits randomness or long-range interactions. Dos
Santos et al. (2002) proposed that the water network at room temperature resembles a Poisson
distribution, indicative of randomness. However, other studies present evidence of medium- to long-
range order (Faccio et al., 2022). Tamtogl et al. (2020) observed correlated motion at the surface of a
topological insulator, contrasting with Brownian motion, while Ansari et al. (2018) and Gao et al.
(2021) reported collective translational fluctuations in hydrogen-bonded water clusters. Percolation
models face challenges, such as the inability to determine the percolation threshold based solely on
cluster size distribution (Jedlovszky et al.,, 2007). Moreover, environmental factors, including
temperature, pressure and solute concentration may influence the balance between LDW and HDW.
For example, lower temperatures correspond to stronger hydrogen bond interactions. Upon melting,
increases in temperature result in a rapid decrease in the average number of assemblies (Gao et al.,
2021) and a broader ring size distribution (Bako et al., 2013; Naserifar et al., 2019). Consequently,
microscopic assemblies in water become difficult to distinguish beyond the isochore endpoint of 292
K (Nomura et al., 2017).

Future research should focus on developing more refined experimental and computational
methods to study WMA and their interactions with biomolecules. Experimentally, combining time-
resolved methods with spatially resolved imaging techniques may bridge the gap between molecular
dynamics and observable biological outcomes.

In conclusion, WMA may represent a transformative perspective on the active role of water in
biological phenomena. By bridging the gap between molecular-scale dynamics and macroscopic
behavior, WMA may provide a unifying framework for understanding how water shapes
biomolecular processes. LDW and HDW, through their complementary properties, may influence
stability, flexibility and functionality across diverse biological systems. As research in this field
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advances, the potential applications in health, technology and materials science are vast,
underscoring the importance of continued exploration into the dynamic world of WMA.
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