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Abstract

A foundational challenge in biology is to transcend the cataloguing of components and achieve a
predictive understanding of how their interactions give rise to coherent organismal functions. While
network theory maps these interactions, it often treats them as abstract links, neglecting the
functional role of the physical spaces in which they occur. Here, we propose Biological Interstitialogy,
a paradigm that identifies the structured spaces between components—the interstices—as active
determinants of biological organization. We articulate a scale-free, causal principle: interstitial
Structure governs the patterns of Flow (of matter, energy, information), and these flows are the
primary drivers of system-level Function. This S-F-F principle operates as a universal mechanistic
chain. We marshal causal evidence across scales—from the dynamics of biomolecular condensates
and the hijacking of gap junctions in cancer, to the integrative role of the brain’s glymphatic system
and the engineering of soil ecosystems—to validate this framework. Biological Interstitialogy
reframes pathologies as “intersticiopathies” and provides a unified, mechanistic, and predictive
foundation for understanding biological integration, from molecular to ecological scales, thereby
opening new avenues for intervention in fields from regenerative medicine to sustainable agriculture.

Keywords: biological interstitialogy; emergence; systems biology; mechanobiology; scale-free
principles; extracellular matrix

Introduction

Biology is defined by a profound integration paradox: we possess an exquisitely detailed parts
list of life, yet lack a principled, mechanistic framework to explain how these parts coalesce into
stable, functioning wholes [1, 2]. Network science has provided a powerful descriptive lens, yet its
representations often abstract the physical nature of connections into topological links [3]. This
abstraction overlooks a fundamental biological reality: all interactions are physically instantiated
within a structured, functional space. The interstice—the contiguous, structured medium linking all
biological components—has been consistently undertheorized as a passive background rather than
an active architectural director.

A convergence of discoveries now compels a paradigm shift. Evidence across scales reveals that
these “empty” spaces are, in fact, functional entities. From biomolecular condensates [4] and gap
junctions [5] to the body-wide interstitium [6] and soil pore networks [7], interstices are not voids but
active mediators of biological processes. They constitute the relational fabric of life.

Building on our work on physical frameworks for emergence [8] and the human interstitial
system [9], we formalize Biological Interstitialogy. This framework posits that interstices are the
primary sites where local interactions are orchestrated and where novel system-level properties
quantitatively emerge. We articulate a foundational, testable causal principle—Structure — Flow —
Function—and demonstrate its mechanistic validity across the biological hierarchy. This paradigm
shift moves biology from a science of parts to a science of coherent wholes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Results
The S-F-F Principle: A Universal Causal Chain

The core tenet of Biological Interstitialogy is a scale-free causal chain: the physical-chemical
architecture of a biological interstice deterministically constrains spatiotemporal flow patterns, which
in turn are the direct antecedents of system-level function (Figure 1). We operationally define a
functional interstice as a space that (i) physically separates recognized biological entities and (ii)
whose intrinsic physico-chemical properties actively constrain and shape the patterns of flow within
it.
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Figure 1. The conservation of hub-spoke network architecture across biological scales. This schematic illustrates
the central tenet of Biological Interstitialogy: the Structure-Flow-Function principle operates as a universal causal
chain across scales. At the molecular scale, the aquaporin channel (structure) serves as a hub for the

transmembrane flow of water, enabling efficient water transport (function). At the tissue scale, the capillary
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network (structure) acts as a hub for the convective and diffusive flow of nutrients, gases, and wastes, facilitating
material exchange with surrounding tissue cells (function). At the system scale, the heart and circulatory system
(structure) function as the master hub for the convective flow of blood, enabling systemic distribution
throughout the organism (function). This recurring motif highlights that biological function emerges from flow

patterns that are, in turn, dictated by the physical architecture of interstitial spaces.

Structure as the Architect. The interstice’s physical form —its geometry, topology, viscoelasticity,
and chemical composition—defines the boundary and initial conditions for movement. The pore size
and cross-linking density of the extracellular matrix (ECM), for instance, dictate cellular migratory
potential and molecular diffusion rates [10]. This structure is dynamic, capable of regulated phase
transitions, as seen in biomolecular condensates that facilitate rapid component exchange via their
liquid-like properties [4].

Flow as the Constrained Dynamics. Flow is the movement—of ions, metabolites, cells, or
forces —within this architectured space. Structure dictates selectivity, rate, directionality, and mode
(e.g., diffusion vs. convection). The nanoscale architecture of a gap junction channel, for example,
ensures selective permeation of specific ions and second messengers, enabling rapid intercellular
synchronization [5, 11].

Function as the Emergent Output. System-level function is the consequence of structured flow.
Critically, identical components yield different functions if interstitial architecture is altered. The
coordinated contraction of the heart emerges from rapid, structured ionic flow through
cardiomyocyte gap junctions [11]. Disrupt this flow, and the function fails.

Cross-Scale Validation of the S-F-F Principle

The universality of the S-F-F principle is demonstrated by convergent, causal evidence from
disparate biological scales.

Molecular Scale: Biomolecular Condensates. Liquid-liquid phase separation creates interstices
that concentrate reactants, accelerating biochemical reactions [4]. The structure (e.g., composition)
governs the flow (exchange rate). Perturbing the physical conditions to dissolve these interstices
abrogates their catalytic function, establishing a direct causal link from structure — flow — function
[4].

Cellular Scale: Gap Junctions in Cancer. In triple-negative breast cancer, tumor cells form specific
gap junctions with adipocytes [12]. This structure enables the directional flow of cAMP from
adipocytes to cancer cells, which directly functions to activate a critical pro-survival pathway [12].
This illustrates how hijacking an interstitial structure dictates pathological outcomes.

Tissue Scale: Brain Clearance and ECM Mechanoregulation. The brain’s extracellular space
(ECS) and glymphatic system form a system-wide interstitial network where structure (e.g.,
perivascular space) is essential for convective flow and waste clearance [6]. Causal interventions
show that modulating ECS flow reduces pathology and improves cognitive function [13]. Similarly,
ECM stiffness (structure) regulates the nuclear flow of YAP/TAZ, dictating stem cell function [10].

Ecological Scale: Soil-Pore Networks. The physical structure of soil —its pore network—governs
the flow of water, gases, and nutrients [7]. This structured flow is a primary determinant of the
ecosystem’s function, namely its productivity and stability.

Falsifiable Predictions and an Experimental Roadmap

We propose three decisive, quantitative experiments to challenge the theory:

Prediction 1 (Synthetic Morphogenesis): A pre-defined 3D stiffness gradient within a synthetic
ECM, absent directional chemical cues, will be sufficient to guide mesenchymal stem cells to self-
organize into a predicted branching network (with defined branch length/angle distributions).
Falsification: Failure to form the predicted structure upon gradient imposition.

Prediction 2 (Cognitive Modulation): Targeted, non-invasive enhancement of hydraulic
conductivity in the murine hippocampal ECS will increase interstitial fluid flow and yield a >20%
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improvement in long-term spatial memory consolidation (measured by latency in the Morris water
maze). Falsification: Lack of a significant correlation between enhanced flow and memory
improvement.

Prediction 3 (Agricultural State Transition): In degraded soil, introducing a burrowing keystone
species to remodel porosity will trigger a shift in resource flow, leading to a >50% increase in
microbial diversity and a 230% increase in plant biomass within two growth cycles. Falsification:
Absence of such a transition.

Discussion

Our work establishes the S-F-F principle as a universal mechanistic chain, providing a physical
substrate for emergence. Biological Interstitialogy resolves the mystery of how the whole becomes
greater than the sum of its parts: through the constraints and opportunities afforded by the interstice.
This framework moves beyond the descriptive adage of emergence to a predictive framework
grounded in physical law.

This framework powerfully reframes pathophysiology as “intersticiopathies” —diseases of
interstitial dysfunction. Fibrosis is the pathological solidification of tissue interstices; cancer involves
the hijacking of interstitial communication [12]; neurodegeneration involves failed interstitial
clearance [6, 13]. It reframes agricultural and ecological challenges as opportunities for “interstitial
engineering.”

Our framework complements rather than replaces existing paradigms. Unlike network theory,
which maps what is connected, Interstitialogy explains how the physical nature of the connection
determines the functional outcome. It shifts the explanatory focus from node-centric properties to the
relational spaces between them. By providing a mechanistic basis for emergence, it deepens concepts
like self-organization, transforming them from philosophical descriptions into processes amenable to
physical modeling and engineering.

Caveats and Future Directions

The S-F-F principle operates within complex biological contexts featuring redundancy. Future
work must develop quantitative models (e.g., Function = ¢(Flow(Structure))) to achieve predictive
power. The operational definition of a functional “interstice” will continue to evolve with new
discoveries.

Conclusions

Biological Interstitialogy offers a paradigm shift from an entity-centric to a relation-centric view
of biology. By focusing on the functional spaces between components, it provides a mechanistic,
scale-free, and falsifiable framework to decode the logic of biological organization, paving the way
for a new era of predicting and engineering life’s functions.

Methods

This theoretical synthesis integrates established empirical evidence from published literature
across multiple disciplines, selected for its relevance in demonstrating causal S-F-F relationships. No
new empirical data was generated.

Data Availability: All data supporting this theoretical study are available within the cited references.
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