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Biomolecular condensates exhibit numerous emergent properties including material properties, reaction rates, and molecular selectivity. In addition to these known properties, it is overwhelmingly likely that there are unknown emergent properties that are related to both function within condensates and the integration of condensates within cellular regulatory mechanisms. Identification of these unknown properties will require an increased emphasis on top-down methods because emergent properties, by definition, are difficult to identify from bottom-up data. This effort will have a tremendous payoff in helping to ameliorate a conceptual gap responsible for the apparent complexity behind some of the greatest challenges in modern medicine.
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INTRODUCTION: THE WHOLE IS NOT EQUAL TO THE SUM OF PARTS
Biomolecular condensation has drawn attention to the importance of emergent properties and, in doing so, illuminated a conceptual gap underlying some of the greatest challenges in modern medicine. Emergent properties are generally defined as the characteristics of large systems that are not seen in the properties of the building blocks (Coleman, 2007; Holland, 1998; Novikoff, 1945). This description applies to many aspects of biomolecular condensates such as molecular diffusion, reaction rates, miscibility, and chemical potentials, all of which are very different than what would be expected from dilute solution characterization. Even the formation of the condensate itself and its material properties are emergent properties. This abundance of emergent properties is not surprising; it is an ubiquitous phenomenon across the sciences that “more is different”, to borrow the words of the Nobel-winning physicist Philip Anderson (Anderson, 1972). Thus, as strikingly demonstrated by biomolecular condensation, collections of biomolecules do not necessarily behave according to the additive effects of specific binding sites. In the Anderson view, biomolecular emergent properties open a frontier in cellular biology at a scale where data are abundant, but understanding is poor. Thus, the discovery of biomolecular condensation should be treated like the first glimmer of light in the dark unknown; what other emergent properties are yet to be discovered, and what methods are needed to find them?
Emergent properties are invisible to bottom-up methods
Scientific investigation relies on both top-down and bottom-up methods (Mckenzie, 2025; Schmit and Dill, 2023). Top-down methods examine large scale phenomenology to infer the mechanisms at smaller scales. A classic example is the development of thermodynamics where systematic measurements of engines and ideal gasses led to universal principles like internal energy and entropy. A more recent example of top-down investigation is the proliferation of phase diagrams that have proven indispensable to the field of biomolecular condensation. In contrast, bottom-up investigations study the properties of small-scale components to learn how the collective system behaves. Returning to the thermodynamics example, bottom-up application of Newtonian physics yielded the kinetic theory of gasses, which provides complementary insights to the thermodynamic potentials (E, S, H, G, etc.) discovered by the top-down approach. Bottom-up methods dominate molecular and cellular biology, in which most studies look for molecular interactions that are pieced together into mechanistic pathways. Unfortunately, the bottom-up approach is problematic when emergent properties are present because, by definition, an emergent property describes situations where a system behaves different than the sum of its parts (Mckenzie, 2025). For example, efforts in the early 2000s to predict the properties of regulatory networks by integrating kinetic rate equations could not account for how rates might change due to the unknown (at the time) phenomenon of biomolecular condensation. Similarly, while kinetic theory correctly describes many properties of gasses, the bottom-up Newtonian approach could not have discovered entropy, a concept that is applicable to systems ranging from protein folding to black holes.
To further illustrate the blind spot of bottom-up methods, it is useful to conduct a thought experiment using a situation where the mechanism depends on an emergent property. One such case is enzyme function, which arises from the emergent properties of the folded state. Without prior knowledge of protein folding, a bottom-up investigation of an enzyme might look for interactions between the component amino acids. The resulting network of interactions for lysozyme would look similar to Figure 1A. This representation provides very little insight as to the presence of a specific binding pocket and catalytic site, which are the emergent properties that drive protein function (Figure 1B). In fact, the catalytic residues, highlighted in red, are well separated on the graph.
[image: Panel A shows an amino acid connectivity map with labeled nodes representing residues, and Glu35 and Asp52 in red. Panel B presents a protein surface illustration highlighting a specific binding pocket, catalytic residues, and hydrophobic core, with arrows indicating key features.]FIGURE 1 | Emergent properties are difficult to obtain from bottom-up interaction networks. (A) An interaction map of amino acids in lysozyme can be approximated by connecting all amino acid pairs for which the alpha carbons are separated by less than 6Å. Notably, the catalytic residues (red) are not connected. (B) Our understanding of enzyme function is based on the emergent properties of a binding pocket and catalytic site. These are a product of folding, which is another emergent property. These properties cannot be found by adding the effects of individual amino acids or even by studying polypeptides less than ∼50 residues.How much caution should be taken from the examples of protein folding and reaction kinetics within condensates? An optimistic view comes from the success of whole-cell computational models (Luthey-Schulten et al., 2022), which suggests that the bottom-up approach can capture most of cellular biology. An opposing view comes from strong arguments that there are undiscovered biochemical mechanisms, particularly in the areas of IDPs and condensates (Bondos et al., 2022; Schmit et al., 2021; Bhandari et al., 2021). Regardless of which of these viewpoints ultimately proves correct, Anderson gives another compelling reason to extend beyond bottom-up methodology (Anderson, 1972).
CONCEPTS ARE THE PRIMARY TOOL OF COMPLEXITY REDUCTION
Scientific concepts are based on emergent properties
Anderson wrote “More is Different” in opposition to the notion that the adjective “fundamental” applied to physics only at the small (sub-atomic particles) and large (cosmology) extremes. He argued that it cannot be claimed that any scale is more or less fundamental than adjacent scales because, due to emergent properties, different principles and concepts would apply at every scale. For example, membranes are described using properties like permeability and flexibility that are meaningless at the scale of individual phospholipids or even small assemblies like micelles. Similarly, the emergent properties of protein folding and active sites do not exist for polypeptides shorter than about 50 residues.
It is instructive to examine modern molecular and cellular biology to see how the principles and concepts described by Anderson enable understanding at each scale. Figure 2 shows an (incomplete) list of concepts ranging from electron wavefunctions to tissues. Consistent with Anderson’s claim, each concept in Figure 2 is based on an emergent property at that scale.
[image: Scientific diagram depicting a logarithmic size scale from 10 to the power of negative 10 to 10 to the power of negative 4 meters, labeling atomic to tissue concepts, with a gray box marking the "Mesoscale concept gap" between molecular feedback and organelles.]FIGURE 2 | Molecular biology has a dense hierarchy of complexity-reducing concepts that provide intuition about how scales are connected. This hierarchy ends abruptly at the cellular mesoscale, where there are very few concepts useful for complexity reduction. The sorting by length scale is somewhat artificial because many concepts, like entropy, cannot be assigned to a particular scale.The conceptual hierarchy shown in Figure 2 has two features that are worthy of further attention. The first is the close spacing between concepts at scales ranging from 10-10 to 10-8 m. This density of concepts enables a remarkable ability to reason across scales. For example, consider a protein containing a14C atom that decays to 14N. What effect would this perturbation have on the function of the protein? Applying the concepts in Figure 2 suggests that the decay would change the valence and electronegativity of the atom. This change, in turn, would alter amino acid properties like charge, hydrophobicity, and flexibility. Finally, depending on the location of the affected amino acid (surface, interior, or active site), the amino acid properties provide intuition about whether the change would be negligible or alter the protein’s ability to fold, bind substrate, or catalyze a reaction. This ability to rationalize the effects of a femtometer-scale nuclear change on the function of a nanometer scale protein, a million-fold range in scales, is only possible because of a conceptual hierarchy that clarifies the most essential features at each scale while ignoring irrelevant details at smaller scales. In practice, each conceptual step defines a small number of emergent variables that explain the effects of a much greater number of microscopic variables (Rizi, 2026; Haken, 1977). For example, in protein folding the effects of 20 amino acid substitutions can be mostly understood by the property of hydrophobicity (Nassar et al., 2021), and the detailed atomic coordinates in a protein active site can be understood by the effect on a transition state energy. The simplification enabled by mapping microscopic variables to mesoscopic variables gives concepts great power as a tool of complexity reduction.
The mesoscale concept gap inhibits our understanding of cell regulation
A second prominent feature of Figure 2 is the lack of concepts on scales larger than simple feedback circuits (i.e., the lac operon) but smaller than organelles, a range of scales that has been referred to as the cellular mesoscale (Sear et al., 2015). Some of the most challenging problems in modern medicine, like cancer and neurodegeneration, occur due to malfunction at the mesoscale. This is not a coincidence; much of the difficulty in treating these diseases follows from our inability to connect phenomena on scales ranging from molecules to tissues. The paucity of complexity-reducing concepts at the cellular mesoscale means that we are confronted by the apparent complexity that comes from an overwhelming number of microscopic variables. Thus, there is much to be gained from advancing the conceptual frontier at the mesoscale.
The above arguments suggest an auspicious role for biomolecular condensates, which are an emergent property occurring at a scale within the concept gap. However, biomolecular condensation is more often used a step in a biochemical pathway than a mapping to an emergent variable. As a result, biomolecular condensation has not yet led to complexity reduction in cellular functions and, therefore, it is premature to add biomolecular condensation to Figure 2. Furthermore, explaining the effect of 14C decay required 3-4 conceptual steps per decade in length scale, which suggests that the mesoscale gap is too large for a single concept to fill. Therefore, building a smoothly connected conceptual hierarchy will likely require the discovery of emergent functions both within condensates and within the cellular mechanisms that condensates participate in.
Microenvironment coupling creates biochemical pipelines
A candidate for an emergent function in biomolecular condensates, as well as a complexity-reducing concept, is “microenvironment coupling”, which has been proposed to explain the mechanism of ribosome maturation in the granular component of the nucleolus (Dollinger et al., 2025). In microenvironment coupling the state of a biochemical pathway (in this case ribosome maturation) alters the local macromolecular environment to facilitate the recruitment of proteins appropriate for the next pathway step. This feedback between the biochemical cascade and protein recruitment effectively creates a pipeline for sequential steps. An important distinction is that the spatial coordinate implied by a pipeline (or an assembly line (Tartakoff et al., 2022; Lafontaine et al., 2021)) is replaced by a chemical potential coordinate. Thus, much like the atomic coordinates of a protein active site determines binding affinity, microscopic features of a condensate like density, hydrophobicity, binding site concentrations, and molecular positions can be understood by their effect on an emergent chemical potential gradient. Importantly, microenvironment coupling need not be limited to condensates and, therefore, could be a generic mechanism to pipeline multi-step cascades throughout the cell.
EMERGENT PROPERTIES REQUIRE TOP-DOWN INVESTIGATIVE METHODS
Since bottom-up methods are poorly suited to identify emergent properties, identification of emergent functions and new concepts must come from top-down approaches (Schmit and Dill, 2023; Scott et al., 2014; Lazebnik, 2002). The blind spot of bottom-up methods to emergent properties may explain the persistence of a concept gap in spite of an abundance of experimental methods capable of manipulating cells with almost arbitrary precision. In particular, molecular manipulations like knockouts and mutations tend to give binary results (Lazebnik, 2002) or, at best, one-dimensional response curves. To illustrate the inadequacy of such data, consider the phase behavior of N2 and CO2. A one-dimensional investigation of the effect of reduced temperature would reveal qualitatively different behavior; nitrogen condenses into a liquid while carbon dioxide forms a solid. However, expanding the investigation to include a second dimension, pressure, reveals that both molecules have nearly identical phase diagrams. This shared phase diagram was an important clue that phase behavior is not a feature of a particular molecular structure but, instead, a universal phenomenon resulting from competition between energy and entropy. This example evokes comparisons to fusion oncoproteins and amyloid-driven neurodegeneration, both of which are cases where a large number of different molecular drivers cause macroscopically similar diseases. A multi-dimensional, systematic comparison of these molecules would likely reveal emergent variables that clarify how microscopic factors drive cellular networks into dysregulated states.
Emergent variables are not the same as collective variables that, in many cases, do not promote understanding. For example, while root mean squared deviation (RMSD) is a useful metric to assess protein conformation, it rarely provides mechanistic insight. Similarly, dimensionality reduction methods like principal component analysis (PCA) yield collective variables with little conceptual value.
An example of an emergent variable at the cellular mesoscale comes from E. coli where the effects on growth from the microscopic variables of carbon source, translation inhibitors, and foreign expression vectors can all be understood by a mesoscopic variable describing the cytoplasmic volume allocated to carbon catabolism at the expense of ribosomes (Scott et al., 2014; Scott et al., 2010; Scott and Hwa, 2023). An illustrative non-biological example comes from economics where microscopic variables ranging from weather, to politics, to consumer fads, can be understood by their effects on the emergent variables of “supply” and “demand”. Importantly, a microscopic variable that decreases supply will have the same qualitative effect as a variable that increases demand. Determining whether two microscopic variables are manipulating a common emergent variable requires a quantitative comparison between the two response curves. This quantitative comparison is the basis of “data collapse”, a method that reveals emergent behavior when multiple response curves can be scaled to fall on a common master curve. Curve scaling has revealed emergent principles in diverse fields including critical phenomena (Stanley, 1999), polymers (De Gennes, 1979), economics (Yakovenko and Rosser, 2009), and metabolic trends across organisms (West and Brown, 2005). An intriguing example in the cellular mesoscale is the recent finding that the duration of “on” and “off” event in transcription bursts in drosophila, yeast, and human cells are uniquely determined by the probability the gene is “on” (Chen et al., 2025). This one-to-one correspondence casts doubt on reaction-diffusion models of transcription factor binding, which only determine the on/off ratio.
Top-down experiments (primarily phase diagrams) and theory of simplified in vitro biomolecular condensates have revealed diverse emergent properties with functional implications including conformational conversions (Schmit et al., 2020; Acker et al., 2026), tunable selectivity (Bhandari et al., 2021), and biomolecular signaling (Galagedera et al., 2023). In each of these cases, modeling revealed mesoscale order parameters describing how the microscopic details of the condensate relate to the macroscopic phenomenology (Bhandari et al., 2021; Haken, 1977). The challenge is to adapt this approach in vivo to identify emergent functions and complexity-reducing concepts at the cellular mesoscale. This will require the collection of systematic curves quantifying cellular response to various perturbations (Lazebnik, 2002). Modern methods allow for rigorous quantification of cellular experiments, but in many cases it is not clear how to systematically perturb cells in one dimension, let alone the multiple dimensions required to reveal emergent variables. This introduces a challenge to identify microscopic variables that can be varied in a continuous manner. One possibility is the titration of inhibitors (Scott et al., 2010; Scott et al., 2011). Similarly, extracellular conditions like nutrient concentrations or stressors (temperature, osmolality, oxidants, etc.) may be useful. Alternatively, a series of discrete mutations to a protein of interest could be projected onto a continuous variable like binding affinity, catalytic rate, saturation concentration, IDR length, or phosphorylation level. Another accessible variable is the concentration of intracellular proteins, which can be passively observed using cell-to-cell variability (Khan et al., 2018) or directly manipulated at the expression level (Otto et al., 2024).
Comparing the response curved generated by different continuous variables will provide candidate emergent concepts that can be tested by traditional bottom-up methods. Upon confirmation, bottom-up methods can be used to study how emergent variables change between systems. For example, the pairwise interaction map in Figure 1A could be used to reconstruct the folded structure. Furthermore, the new emergent principles can then be used to streamline additional bottom-up investigations, as demonstrated in examples like implicit solvent representations of the hydrophobic effect, bead-spring models of polymers, and kinetic Monte Carlo representations of reaction-diffusion systems.
CONCLUSION: THE MESOSCALE FRONTIER
The phenomenon of biomolecular condensation is large and slow relative to the traditional scales of molecular biology. This reality runs contrary to the technological frontier that emphasizes resolution gains at short times, small sizes, and ever-more fine-grained molecular control. But the central premise of “More is different” is that small and fast is not the only frontier in science (Anderson, 1972). In medical science and cellular biology a more significant frontier lies in the treatment of systematic diseases driven by malfunction at the cellular mesoscale. The emergent phenomenon of biomolecular condensation has fortuitously provided illumination into this unknown, as well as a reminder that systems can behave very different than the sum of their parts.
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