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ABSTRACT: Physical properties like shape, volume and size affect the dynamics of biological systems. Along
these lines, we focus on the topological properties of biological fluids and their biochemical and physiological
outcomes. We take as a paradigmatic example the salivary fluid and describe how its topological features
may affect the physiopathology of the oral cavity. Topological approaches assess the general properties of
saliva, ignoring small-scale physical details such as density, flow rate, stiffness, viscosity. Specifically, the
mucin aggregates scattered in the salivary fluid can be tackled in terms of topological holes, i.e., vortical clusters
that modify the direction, flow, impulse, local rate-of-change and velocity of saliva. While the current
methodological approaches are inclined to remove the effects of impurities assessing systems as homogeneous
structures, we argue that the occurrence of mucins breaks up the salivary fluid’s homogeneity, leading to
unexpected biophysical modifications. We suggest that every collected salivary sample is not reliable for
accurate clinical and experimental investigation, since it displays highly local as well as variable chemical,
physical and biological features, not reflecting the current physiological state of the oral cavity. Therefore, the
assessment of a single salivary sample is not fully reproducible and cannot provide information about the
biophysical, enzymatic and microbiological content of the whole saliva. In sum, the very topological features
of the saliva - such as volume, shape, antipodal cells, vortex area, whirling fluid mass, segmentation,
discretization, triangulation, node numbering - produce unnoticed biological consequences and network
connectivity features with intriguing operational implications.

Keywords: antipodal cells; collective behavior; topological distance; flow; Borsuk-Ulam theorem.

INTRODUCTION

From the allometric studies of Otto Snell and D’Arcy Wentworth Thompson (Thompson 1942)
onwards, there has been a growing interest towards the physical and topological properties of
biophysical systems that influence physiological responses (Bull et al., 2021). Changes in cellular
shape, size, volume, polarity, charge, heat, particle transport and extracellular medium drive
numerous biological activities at different coarse-grained scales, from protein folding (Oroguchi et
al., 2016; Lella and Mahalakshmi, 2017) to endoplasmic reticulum reorganization (Parlakgiil et al.,
2022), and nuclear pore shaping (Zheng and Xie, 2019; Schuller et al., 2021), from presynaptic
transmission (Ucar et al, 2021) to enveloped viruses’ evolution (Twarock and Luque, 2019;
Christensen et al., 2020) from tissue morphogenesis (Bailles et al., 2019) to extensibility of plants
(Zhang et al., 2021) and engineered intestinal organoids (Gjorevski et al., 2022).

Here we analyze on the topological properties of organic fluids and their biochemical and
physiological consequences, focusing on the salivary gel. We opted for saliva as paradigmatic
example of an organic fluid because of methodological and operational advantages. The oral fluid
is easily available to investigators for diagnostic and monitoring purposes via noninvasive, fast,
economical, standardized and reproducible methods of collection. Saliva is a mucinous-serous
secretion containing 99.5% water and inorganic/organic substances (Ben-Aryeh et al., 1990; Davis et
al., 2020; Zarrin et al., 2020). Forming a selective barrier for transport of water and nutrients through
the mucosal surface (Meldrum et al., 2018; Faruqueet al., 2022), saliva provides protection for oral
tissues against mechanical, thermal, chemical and biological injuries (Kubala et al., 2018) and
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contributes in flavor perception and food acceptance (Méjean et al., 2015). The salivary fluid is
involved in metabolic processes to such a point that one hundred ninety-six salivary metabolites have
been mapped into 49 metabolic pathways (Bessonneau et al., 2017).

Looking for topological features in biophysical settings, we will examine the occurrence of
“topological holes”, e.g., nucleations, aggregates and impurities that encode information about the
structural complexity of the system in which they are contained. Specifically, we will discuss the
mucin aggregates scattered in the salivary medium. We will argue that, apart from the specific
physical changes in density, stiffness and viscosity, the increases in number of mucin aggregates
(namely, increases in number of topological holes) produces general changes in the topological
features of the whole salivary fluid. Once the salivary homogeneity is broken by the very occurrence
of mucin aggregates, unexpected biophysical consequences occur.

SALIVARY MUCINS AND TOPOLOGICAL HOLES

The salivary mucus is a dynamic hydrogel lining the luminal surfaces of oral cells. It displays
a unique set of rheological properties including low solubility, high viscosity, elasticity, spinnbarkeit,
stiffness, adhesiveness (Kumar et al., 2017). The rheological properties of saliva are critical to fulfill
chewing, swallowing and vocalization (Marcinkowska-Gapinska et al., 2018; Rereddy et al., 2023),
affecting lubrication and coating of oral surfaces, consistency of ingested foods and taste sensitivity
(Schwarz 1987; Pushpass et al., 2019).

The main responsible for the peculiar properties of saliva are the mucins, that account for 20—
30% of the total amount of salivary proteins (Inoue et al.,, 2008). Changes in pH and calcium
concentration drive the physiological transition of mucins from a condensed form to an expanded
linear conformation (Meldrum et al., 2018). The intact mucin molecule consists of a linear polymer
of high molecular weight arranged in a network-like formation, where globular domains are
punctuated by domains characterized by unordered protein backbone (Kesimer et al, 2008). Mucin
polymers display marked length heterogeneity (from =670 nm of the monomers and =10 um of the
polymers) that is responsible for flexibility and stiffness (Hughes et al., 2019).

We will see that the occurrence of patches of mucins in organized structures can be formulated
and compared in the topological terms of their proximities, local similarities and variations.

We will take the salivary mucins as a paradigmatic example of the occurrence of topological
holes in biophysical fluids. The hole (aka vortex) is one of the hallmarks of the mathematical branch
of topology. The holes are mathematical entities that prevent objects from being continuously
shrunken to a point. Holes allow differentiation and classification of the various shapes in such a
way that two shapes can be distinguished by examining their holes (Tozzi et al., 2017). The holes
can be described in terms of genus: for instance, the sphere does not contain holes and has genus 0, a
donut contains a hole and has genus 1, the shape of the number 8 contains two holes and has genus
2, and so on.

The appraisal of topological holes is a methodological and operational approach (Afriat 2012)
that has already been fruitful in the investigation of cavities and impurities in physical systems,
including cosmic microwave background radiation (Pranav et al., 2019), skyrmions’ ultrafast
polarization (Li et al., 2021), quasiparticles superposition (Dai et al., 2020), Berezinskii-Kosterlitz—
Thouless phase transitions (Beekman et al., 2017; Bighin et al., 2019; Padavi¢ et al., 2020), nanocrystals
nucleation (Jeon et al., 2021). Likewise, many biological processes can be described in terms of holes,
from the backbone chains’ conformation of biomolecules, to the DNA modifications during the cell
cycle phases (Achar et al., 2020) and the ciliary field defects in simple organisms (Bull et al., 2021).
Likewise, the brain, rather than being homogeneous, is punctured by countless, uniformly placed
anatomical and functional “cavities” (Don et al., 2020; Tozzi et al., 2021).

In the following, we will suggest that mucins aggregates can be described in terms of holes
embedded in surfaces affecting the features of the salivary fluid envisioned as a topological manifold.
We will argue that the occurrence of topological holes in saliva produces experimentally detectable
effects that can be assessed at the macroscopic scale of the fluid.
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SALIVARY HOMOGENEITY AND CONTINUITY ARE DISRUPTED BY MUCINS

By a topological standpoint, a pure fluid like the distilled water does not contain holes and can
be therefore defined as a finite, closed manifold equipped with topological genus 0. A pure fluid
stands for a uniform topological object that might be mathematically considered as homogeneous
three-dimensional space (Williamson and Janos, 1987). According to the continuum assumption of
fluid mechanics, fluids can be modeled as a continuous mass even though they are composed of
discrete molecules on a microscopic scale (Murphy et al., 2022). A continuously distributed fluid
fills the entire space it occupies, regardless of the microscopic occurrence of particles, cracks and
impurities. Itisno coincidence that the many macroscopic quantities in fluid mechanics like density,
velocity, pressure, etc. are assumed to vary continuously from point to point within the flow (Colin
2014). The continuum assumption is very useful by a methodological perspective since it averages
the microscopic quantities on a small sampling volume, wiping out molecular discontinuities and
abrupt changes in values (Colin 2014). The operational approaches based on the continuum
assumption regard holes as a route toward failure and tend to remove unwanted factors like e.g.,
swelling instabilities and compartment alterations (Bertoldi 2017).

Here we argue that the occurrence of impurities modifies systems’ topological features. In
biological settings, the presence of holes encodes remarkable information about a given structure and
its three-dimensional structural complexity. We suggest that the occurrence of holes leads to
increases in genus, so that the more the impurities, the higher the genus of the fluid. When dealing
with topological spaces of genus >1, retraction is banned and dysconnectivity starts to catch on. In
mathematical jargon, dysconnectivity can be treated in terms of disjoint sets. Two sets are disjoint
if they have no elements in common, or in other words, if their intersection is an empty set such that
such thatanb =J (Cormen et al., 2001). In topological spaces of genus =1, the production of disjoint
subsets impairs manifold connectedness such that continuity gets lost. Therefore, increases in the
number of mucins (namely, increases in the number of topological holes) should modify the
functional features of the whole salivary fluid. Apart their chemical effects, mucins may be
conceptually assimilated to physical particles that disrupt the continuity of the salivary medium.
Since manifolds of genus =1 must contain at least some disconnected elements, the very existence of
salivary mucins rules out the possibility of indivisibility inside the salivary fluid. Once its
homogeneity and connectivity get lost, the salivary medium can no longer be studied taking into
account the continuous assumption. The occurrence of mucins requires that the salivary fluid must
be operationally split in subsets that are different from each other and must be treated just by discrete
operational approaches.

The topological relationships between mucin aggregates and salivary fluid can be tackled in
terms of topological nerve structures including intersecting surface islands, intersecting saliva
subsets (Figure 1), intersecting cell complexes or ribbon complexes, inherent surface curvature
antipodes, islands, centroids and amenable vortexes (Peters, 2020; Peters and Vergili, 2021; Peters et
al., 2023). Topology concerns not just mathematical shapes, but also physical features such as
functions, vectors and energies (for a survey, see Tozzi et al., 2017). To provide an example of
physical features that can be treated in terms of topological approaches, the signals detected from
samples of collected saliva can be described as temperature variation curves (Figure 2), length of light
penetration curves, proximities of saliva vortexes, envelopes on the signals” curves. These signals
from collected saliva can be represented by Hilbert transforms and Fourier transforms (Figure 2).
The quantification, interpretation and comparison of salivary signals x(t) at time t can be analyzed
via a Fourier transform such as:

F(x(1))= J.OT x(H)e ™ dt

This means that, inside biophysical fluids provided with topological holes, the regions
surrounding the holes must display at least some inhomogeneous signal (e.g., differences in
temperature, fluid velocity, vortexes, proximities of surface curves, enzymatic activity, etc.). Based
on the above topological framework, we argue that modifications of the salivary fluid, such as
changes in density, temperature spikes, fluid velocity variation, viscosity, stiffness, bacterial binding
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capacity, etc., must be strictly local and cannot be generalized to whole saliva. Since the signal under
investigation cannot be homogeneous throughout the whole saliva, single measurements of salivary
fluid are not reliable. The practical outcome is that every collected salivary sample displays a
variable number of features, so that the assessment of a single sample is not fully reproducible and
cannot provide information about the physical, chemical, enzymatic and microbiological content of
the whole saliva.

In conclusion, the occurrence of mucins deeply modifies the topology of the salivary medium,
providing researchers with remarkable methodological weapons for salivary dynamics evaluation.

Figure 1. Intersecting salivary islands (saliva surface subsets). The Figure illustrates some of the
topological relationships occurring between a mucin aggregate (left) and the salivary medium (right).
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Figure 2. Simulation of Hilbert (red) envelope curves on the peaks of a salivary signal (black). In this
case, the salivary signal stands for the Fourier transform of the salivary temperatures that have been
detected in a collected sample. .

CONCLUSIONS

Topological approaches provide tools for measuring the large-scale properties of spaces and
metrics, ignoring the small-scale details. In our case, a topological approach provides tools for
measuring the general properties of the salivary fluid, leaving apart single parameters like stiffness,
viscosity, etc. We argue that topological modifications, correlated with the very mathematical
structure of the subtending manifold, can modify the physiology of the salivary gel, altering location,
number and connectivity of nodes and compartments.

To analyse system’s large-scale properties, scientists overlook small-scale details such as holes
and impurities and tend to encourage coarse-grained methodological approaches based on the
continuum assumption. We argue that the continuum assumption does not hold for salivary fluid,
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due to the presence of mucin aggregates. This leads us to speculate about unusual methodological
approaches to the study of the salivary fluid. Approaches to biological fluids based on the
occurrence of holes permit the assessment of systems dynamics not just from the standpoint of
Euclidean metric spaces, but also from the more refined standpoint of algebraic manifolds. This
means that the occurrence of topological holes permits the theoretical possibility to assess living
systems’ dynamics in terms of Hilbert spaces equipped with their own algebras, groups, operators
and metric structure.

The occurrence of holes causes the failure of the continuum assumption-based theorems that
have been proven useful to investigate a large array of physical and biophysical issues. Amongst
them, the hairy ball theorem (colloquially stating that “whenever one attempts to comb a hairy ball
flat, there will always be at least one tuft of hair at one point on the ball”), the Brouwer fixed point
theorem (“no matter how you slosh the coffee, some point is always in the same position that it was
before the sloshing began”) and the Borsuk-Ulam theorem (“at any moment, there is always a pair of
antipodal points on the Earth’s surface with equal temperatures and barometric pressures”) should
be mentioned (Tozzi and Papo, 2020). Describe genus-0 convex spheres, all these theorems cannot
be used to treat manifolds of genus 21. Therefore, the occurrence of salivary mucins (namely,
topological holes) forbids the use of these topological theorems for the evaluation of salivary
properties. To provide an example of their failure, the well-known capability of the Borsuk-Ulam
theorem to evaluate living beings’ symmetries (Tozzi et al., 2017) is lost under the circumstances of a
biological fluid filled with topological holes. One might be tempted to speculate that the occurrence
of countless aggregates of salivary mucins might give rise to open manifolds of almost infinite
number of topological holes. This would pave the way to use the powerful mathematical
approaches related to infinite-genus manifolds, such as the Loch Ness monster surface (Valdez 2009;
Arredondo and Ramirez Maluendas, 2017), the Jacob’s ladder, i.e., a surface with two ends (Ghys
1995), or to groups with no planar ends and with self-similar end spaces (Aougab et al., 2021), the
Weierstrass’ one-ended, periodic minimal surfaces (Edward 1995), Veech groups of tame translation
surfaces (Ramirez Maluendas and Valdez 2017), blooming Cantor trees with infinite number of
handles and wild translation surfaces (Randecker 2018).

Biological flows are widespread phenomena that occur at different levels of biological systems’
organization, from the intracytoplasmic streaming to the horizontal gas-liquid flow of
microorganisms living in water columns (Chang and Zhou, 2019; Mogre et al., 2020; Vutukuri et al.
2020). Topological considerations lead us to hypothesize that mucins could be able to affect the
dynamics of salivary flows (Syed Musa, 2021). The occurrence of high amounts of mucins, leading
to failure in manifold homogeneity, could be capable of impairing the salivary flows. Mucin
aggregates might function as micrometric “obstacles” that generate inertial elastic instability and
increase the overall flow resistance of saliva. When the continuum assumption of fluid mechanics
is no longer a good approximation, statistical mechanics might come into play (Barber and Emerson
2002). Therefore, intra-salivary flows could be treated in terms of statistical approaches, leaving
apart the continuum assumption. In the Hamiltonian formulation of classical mechanics, the phase space
of certain classical systems with internal flows takes on the structure of a topological manifold. By
an operational standpoint, every phase space of Lagrangian manifolds contains a minimum number
of loops, i.e., configurations in which the system returns to the starting point (Frauenfelder 2004). The
Arnold conjecture suggests that this minimum number of loops is at least equal to the number of

closed orbits (i.e., of holes) in the overall phase space (Abbondandolo. 2001; Abouzaid and Blumberg,
2021). This implies that the Hamiltonian motion of the salivary flows could be correlated with the
number of holes, namely, of salivary mucin aggregates.

It is widely known that the flow rate and composition of the salivary fluid is rather inconstant
and deeply modified by environmental toxicants and physiological states such as chemical,
mechanical and pharmacologic stimuli, age, stress, as well as pathological conditions (Sivakumar et
al., 2009; Cabras et al., 2010; Wu et al., 2018; Hurley et al., 2019; Hardy et al.,, 2022). By an operational
standpoint, our topological approach provides a mathematical explanation for this annoying
phenomenon that impacts the quantitative evaluation of collected salivary samples. In touch with
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the empirical findings, our framework predicts that every collected salivary sample is not
homogeneous, rather displays a highly variable number of features. We conclude that the
assessment of a single salivary sample is not fully reproducible, therefore it cannot provide
information about the physical, chemical, enzymatic and microbiological features of the whole saliva.
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