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Abstract 

  

Cells are the basic units of all living matter which harness the flow of energy to drive the processes of 
life. While the biochemical networks involved in energy transduction are well-characterized, the 
energetic costs and constraints for specific cellular processes remain largely unknown. In particular, 
what are the energy budgets of cells? What are the constraints and limits energy flows impose on 
cellular processes? Do cells operate near these limits and if so, how do energetic constraints impact 
cellular functions? Physics has provided many tools to study nonequilibrium systems and to define 
physical limits, but applying these tools to cell biology remains a challenge. Physical bioenergetics, which 
resides at the interface of nonequilibrium physics, energy metabolism, and cell biology, seeks to 
understand how much energy cells are using, how they partition this energy between different cellular 
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processes, and the associated energetic constraints. Here we review recent advances and discuss open 
questions and challenges in physical bioenergetics.  
  

What is physical bioenergetics? 

  

Cells function out of thermodynamic equilibrium: they use metabolic pathways to transform matter and 

energy into the building blocks of cellular components and consume Gibbs energy to power cellular 

processes. Despite detailed knowledge about the biochemistry and cell biology of biosynthesis and 

energy metabolism (1-3), much less is known about the energetic costs and constraints of cellular 

processes.  

 

The flow of energy through cells arises from the conversion of Gibbs energy derived from the 

environment. Rates of energy flows are characterized by energy fluxes, which can be used to quantify 

energetic costs. These energy fluxes can also impose constraints on cellular processes ranging from 

growth (4), to activities of molecular motors (5-7) to cellular information processing (8-10). Physical 

bioenergetics sits at the interface between nonequilibrium physics, energy metabolism and cell biology. 

It seeks to understand how much energy cells are using, how they partition this energy into different 

cellular processes, and the associated energetic constraints (Fig. 1). In contrast to traditional 

bioenergetic research (11), physical bioenergetics studies energetic costs and constraints in cells by 

leveraging tools from nonequilibrium physics. Applying these tools to cell biology is associated with 

many challenges. Energy fluxes, such as the flux of ATP, couple many cellular processes, making it 

difficult to account for all the biochemical reactions involved in ATP production and consumption. While 

this difficulty could potentially be addressed with a coarse-grained model of ATP turnover, it is unclear 

how to perform coarse-graining of complex biochemical networks in a systematic way. Active matter 

physics has provided insights into the emergent dynamics of cellular structures, but energy fluxes that 

power these dynamics are rarely considered explicitly (12-16). Stochastic thermodynamics has provided 

lower bounds on entropy production and energy dissipation of cellular processes, but it is unknown how 

close to these limits cells operate (17-21). Thus, physical bioenergetics presents a challenge to extend 

theories and approaches developed in nonequilibrium physics to cell biology.  

 

In this paper, we will review and discuss three important open questions in physical bioenergetics and 

demonstrate the recent progress and emerging challenges. First, what are the energy fluxes in cells, and 

how can they be measured? Second, what are the energetic costs of key cellular processes? And last, to 

what extent do energy fluxes constrain cellular processes? We will address these questions with 

illustrative examples and highlight how the addition of physics and physical approaches could help 

answer these questions (Fig. 1). 

 

  

Open question: What are the energy fluxes in cells? 

  

One of the defining features of life is the exchange of energy with the environment, characterized by a 

net flow of energy. In cells, these energy flows arise from the conversion of Gibbs energy derived from 
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the environment. This energy is transformed into an intermediate form (e.g. ATP) before being 

converted to biomass, heat, or wastes (Fig. 2). The energetic costs of cellular processes can be 

quantified by the rates of energy flows, or energy fluxes, through these processes (22). Energy fluxes can 

also impose constraints on cellular processes, for example, by limiting the growth rate of the cell (4) or 

inducing speed-accuracy tradeoffs on cellular information processing (8-10). To reveal energetic costs 

and constraints in cells, it is crucial to measure energy fluxes and their variations. In this section, we will 

review techniques to measure energy fluxes both at the global level and through specific metabolic 

pathways and will discuss the strengths, limitations, and associated challenges of these techniques. 

 

The global energy flux can be quantified by measuring net fluxes through the cell, e.g., through 

measurements of the rate of oxygen consumption or heat production. Intracellular energy fluxes 

through specific pathways, including those that produce and consume ATP, can be quantified by 

measuring the fluxes of metabolites. Energy fluxes can be dynamic, e.g. for cells progressing through the 

cell cycle (23, 24) or during development (25-29), or constant, e.g. for cells at steady state such as 

oocytes arrested at meiosis II (30). Spatial effects, such as the diffusion and transport of metabolites or 

energy-producing organelles, also shape energy fluxes through the cell (31-34). Because the dynamics of 

energy fluxes are sensitive to changes in cellular energy usage, they provide an important readout of the 

energy expenditures of the cell (23, 24, 27, 29).  

 

Decades of research have provided a remarkable body of detailed information about the metabolic 

pathways which convert energy from the environment to forms usable for cellular processes (1, 3). 

Although the enzymology of these pathways has been well characterized, it is often unclear how much 

energy cells use and how this energy is partitioned into different cellular processes. One component of 

the global energy flux is the heat flux. A significant number of studies have measured the heat flux 

through cells, namely the rate at which cells dissipate energy in the form of heat generated through all 

cellular activities. Heat generation, which can be expressed in units of power in W or J/s, contains 

contributions from all of the biochemical reactions happening in the cell. This global heat flux represents 

the enthalpic part of the global energy flux and can be measured using calorimetry (23, 24, 27, 35-40). 

For aerobic organisms, another component of the global energy flux is the oxygen consumption rate 

(OCR), measured using respirometry (41-43). OCR measurements can be interpreted as the global heat 

flux under conditions where all energy is derived through respiration, and when non-respiration related 

oxygen consumption is negligible (44, 45). Because the net chemical reaction for respiration is 

equivalent to combustion, when the above conditions are met, the OCR is proportional to the amount of 

heat released, known as Thornton’s rule (46). For this reason, OCR measurements are sometimes 

referred to as indirect calorimetry.  

  

A limitation of both calorimetry and OCR is that they are both global measurements with contributions 

from many metabolic pathways, making it challenging to measure the energy flux through a particular 

cellular process. These global measurements provide only an indirect readout of intracellular energy 

fluxes. To understand intracellular energy fluxes, it is crucial to measure the metabolic fluxes through 

specific pathways. Biochemical techniques such as radioactive isotope 14C labeling have been applied to 

measure such fluxes, for example the carbon flux during photosynthesis (47). 13C metabolic flux analysis 
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using mass spectrometry is the predominant technique used to measure intracellular fluxes (48). 

However, these techniques involve destructive sampling, limiting live-cell measurements. It therefore 

remains a challenge to measure intracellular fluxes in living cells. 

  

Additionally, almost all measurements of metabolic fluxes are done on populations of cells, providing a 

measure of the average metabolic fluxes, obscuring the inherent variations at the individual cell level. 

Microscopy-based single-cell measurements have led to insights into the mechanisms of stochastic 

cellular growth (49, 50), and revealed oscillatory metabolic dynamics (51), demonstrating the 

importance of single-cell measurements in revealing metabolic heterogeneity hidden on a population 

level.  

 

Spatial effects may also play a role in shaping intracellular energy fluxes. In developing embryos, 

gradients of glycolytic activity have been linked to cell differentiation (52, 53). Mitochondria, a key 

energy-generating organelle, have been observed to be associated with the cytoskeleton (31) and 

endoplasmic reticulum (32) and display intracellular heterogeneities in membrane potential (54) and 

mtDNA sequence (55), implying the potential existence of complex intracellular patterning of energy 

flows. Glycolytic enzymes also associate with the actin cytoskeleton, allowing cells to couple glycolytic 

flux with changes in the mechanical environment of the cell (56). While the subcellular distributions of 

metabolite concentrations including ATP (57), NADH (58), and glucose (59) have been characterized with 

fluorescence microscopy (57-64), it remains a challenge to measure the fluxes of these metabolites with 

subcellular resolution. Consequently, the spatial patterning of energy fluxes in cells is largely unknown. 

Mammalian oocytes provide model systems where subcellular spatial patterning of energy fluxes may 

be present (30, 33, 34). Due to their relatively large sizes, a substantial intracellular gradient of ADP 

could develop due to localized ATP consumption, for example, by the spindle (Fig. 3a). Mitochondria 

have been observed to surround the meiotic spindle, suggesting ATP production could be spatially 

distributed (33, 34). ATP (57) and ATP:ADP (60) biosensors provide powerful tools that can be used to 

measure the spatial gradients of these metabolites. The relative rates of localized ATP production and 

consumption could be inferred by combining such measurements with theoretical reaction-diffusion 

modelling of ATP and ADP. Such an approach could also potentially be used to estimate how much 

energy the localized process is using.   

 

Developing new techniques capable of measuring metabolic fluxes of specific pathways with single cell 

or even subcellular resolution would help reveal the dynamics of energy fluxes in cells. Substantial 

recent progress has been made in this direction. An assay based on the coarsening of emulsion droplets 

has been developed to monitor the glucose uptake rate of single yeast cells (65). Raman spectroscopy is 

a potential candidate that can allow for spatiotemporal inhomogeneities in nutrient uptake rate to be 

measured with single cell resolution (66). This can be done, for example, using glucose analogues 

displaying spectral peaks in the silent region of the cell (67). Empirical or model-based inference 

approaches are potential methods to obtain metabolic fluxes with subcellular resolution from 

fluorescence imaging of metabolite concentrations (30, 64, 68). A model based on NADH redox reactions 

has been used to infer mitochondrial metabolic fluxes from fluorescence lifetime imaging of NADH with 

subcellular resolution (30).  
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Taken together, while powerful techniques have been developed to measure energy fluxes, limitations 

exist for measuring the dynamic changes and spatial heterogeneity of energy fluxes. As a result, the 

spatiotemporal dynamics of energy fluxes, both between and within cells, remain largely unknown. To 

bridge this gap, techniques to measure energy fluxes with high spatiotemporal resolution are needed. 

   

Open question: What are the energetic costs of key cellular processes? 

  

A myriad of cellular processes require energy, frequently in the form of ATP. While we have a reasonably 

good understanding of how cells generate energy through central metabolism (1, 3), the energetic costs 

of specific cellular processes are less known (69-71). Specific cellular processes carry associated 

energetic costs. These costs can be quantified by the rate of Gibbs energy change. One useful way to 

quantify Gibbs energy change is to count the ATP equivalents, i.e. the Gibbs energy change per ATP 

hydrolysis, consumed per unit time by the cellular process. Alternatively, since the energy fluxes through 

all cellular processes sum up to the global energy flux of the cell, energic cost of a specific cellular 

process can be quantified by the fraction of the global energy flux associated with that process. Cellular 

energetic costs include biosynthesis (72), signaling (23, 24, 73, 74), maintaining chemical gradients (75), 

error correction (8, 9), motility (75), gene regulation (76, 77), and building of cellular structures, such as 

the cytoskeleton (22). Figure 3 provides three examples of cellular processes that contribute to the 

energy budget of cells: spindle self-organization and chromosome segregation in a mammalian oocyte, 

protein synthesis in growing cells, and sensory adaptation in chemotactic E. coli.  An open challenge is to 

measure the energetic costs of such cellular processes. An accounting of cellular energy tells us not only 

about the known processes but also about the processes that we could be overlooking. For example, the 

KaiABC system serves as a cyanobacteria circadian oscillator, which keeps time through a sequence of 

phosphorylation reactions on hexameric KaiC. While each phosphorylation-dephosphorylation cycle is 

known to take 2 ATP/monomer, the experimentally measured ATP consumption rate is significantly 

higher at 16 ATP/monomer. A recent theoretical study suggests that this excess energy is not simply 

wasted – it may be responsible for synchronizing the state between KaiABC complexes, allowing for a 

global synchronization between the clocks (78). 

  

The energetic costs of cellular processes can be estimated through counting of ATP equivalents 

consumed per unit time by each of the intermediate steps associated with the process. This approach 

has been used for estimating building costs by analyzing biosynthetic pathways, summing up the 

number of ATP equivalents required for each intermediate step (27, 69, 70). The counting of ATP 

equivalents for each step can then be combined with measurements of the step’s rate to estimate the 

overall rate of energy consumption for building the component. As an example, counting of ATP 

equivalents has been applied to estimate the energetic cost of protein synthesis in growing cells by 

summing up the number of ATP equivalents required for each intermediate step, including amino acid 

synthesis, transcription, and translation (69-72, 79) (Fig. 3b). This counting of ATP equivalents can then 

be combined with measurements of the rate of protein synthesis to estimate the rate of energy 

consumption associated with protein synthesis. This rate can further be compared with the global 

energy flux of the cell to infer the relative energetic cost of protein synthesis. These estimates heavily 
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rely on knowing all the steps involved in the process, their rates, and the corresponding number of ATP 

equivalents required. For some less characterized cellular processes, it can be challenging to know all of 

the coupled steps. For example, a full determination of the energetic costs of chromosome segregation 

in eukaryotic cells would need to include the energetic costs of assembling the spindle, moving 

chromosomes, signaling, and error correction among others (Fig. 3a). In the absence of detailed 

knowledge about all of the coupled processes underlying the process of interest, it is difficult to 

estimate the energetic costs of the process. Therefore, to test if estimates from ATP counting fully 

account for the energetic costs, direct measurements are needed. 

  

One approach to directly measure the energetic cost of a process is through process inhibition. 

Assuming that inhibiting one target process does not affect the activities of other cellular processes, the 

energetic cost of the target process can be measured as the change of the global energy flux using 

respirometry or calorimetry when the targeted process is inhibited (22). However, inhibition 

experiments always carry the potential for off target effects and can change the activity of other 

processes coupled to the targeted one (80). As a change in the global energy flux reflects changes in all 

the processes affected, a coupling between the targeted process and other cellular processes could 

potentially complicate the interpretation of such measurements. For example, inhibiting a process that 

represents a significant fraction of the cell’s ATP consumption rate could change the ATP concentration, 

which could in turn change the activities of other ATP-consuming pathways. In this case, the measured 

change in the global energy flux could include additional contributions from these downstream effects in 

addition to the contribution from the inhibited process. Moreover, global energy flux may not be 

uniquely determined by the energetic demand imposed by ATP users, but also depends on the rates of 

ATP synthesis and proton leak in mitochondria (81). Hence understanding how ATP synthesis and proton 

leak are modulated by the inhibition is required to estimate energetic costs from such experiments. 

Models of metabolic control are required to understand the coupling of ATP synthesis, proton leak, and 

ATPases (45). To determine the true energetic cost associated with a given cellular process, a combined 

approach is required, where the energetic cost is measured using both the counting of ATP equivalents 

and measuring change of global energy flux following specific process inhibition (80). 

 

Measuring how global energy fluxes change during development also provides information on the 

energetic costs of cellular processes. For example, calorimetry has been used to observe that heat 

production by embryos contains a component which oscillates in synchrony with the cell cycle as a 

result of cell-cycle signaling during the development of zebrafish (24) and Xenopus embryos (23). It 

remains a challenge to understand what physiological changes during embryo development contribute 

to the dynamics of energy fluxes (27, 29, 82-84). 

  

The energetic costs considered above represent direct cost, defined as the number of ATP equivalents 

used by a given cellular process. In some situations, e.g. for processes that generate biomass, indirect 

opportunity costs may be relevant. Opportunity costs represent the ATP that could have been generated 

from metabolic precursors or reducing intermediates had they been used to generate ATP instead of 

biomass (70). While opportunity costs are not direct energetic costs, they could have consequences for 

evolutionary fitness, particularly in situations where carbon is limiting, and thus the consequences for 
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diverting carbon to biomass are more acute. Understanding how to relate energetic costs with fitness 

costs is an important open question connecting physical bioenergetics with evolutionary cell biology (69, 

70, 85-88). 

 

Overall, while there is promising work in estimating the energetic costs of cellular processes (22, 69, 70, 

78), the energy budget of cells remains largely unexplored. There are challenges associated with 

estimating energetic costs from ATP counting and process inhibition. Overcoming these challenges 

requires understanding the intermediate steps associated with the process of interest, and the coupling 

between ATP production and ATP consumption.  

 

Open question: To what extent do energy fluxes constrain cellular processes? 

  

Cellular processes are powered by the dissipation of Gibbs energy, and the rate of energy dissipation can 

impose constraints on cellular processes. These constraints manifest in the limit of cell growth rate (4) 

(Fig. 4a), the efficiency of molecular motors (5-7) (Fig. 4b), and the tradeoff between speed and accuracy 

in cellular information processing (8-10) (Fig. 4c). In this section, we will discuss these examples in detail 

and demonstrate how tools from nonequilibrium physics have been applied to understand energetic 

constraints. 

 

Intrinsic limits on the Gibbs energy dissipation rate could impose constraints on cell growth rate. It has 

recently been suggested that the transition from respiration to fermentation at high glucose uptake 

rates is caused by an upper limit in the cellular Gibbs energy dissipation rate and that the maximal 

cellular growth rate is determined by this limit (4) (Fig. 4a). Alternative explanations for this 

phenomenon include electron-transport chain enzymes reaching saturating concentrations in the cell 

membrane (89, 90) and efficient proteome allocation (91). It remains a challenge to reconcile these 

different explanations. 

  

Stochastic thermodynamics theories have been used to predict limits on the thermodynamic efficiency 

of molecular motors. Thermodynamic efficiency is defined as the useful energy dissipation rate, such as 

mechanical power, divided by the total energy dissipation rate, such as those from ATP hydrolysis. 

Thermodynamic uncertainty relations reveal that energy dissipations constrain current fluctuations at 

steady state for nonequilibrium systems (19, 92-94). Applying this relation to molecular motors working 

against an external force or torque, such as moving cargo in a viscous environment, results in the 

prediction of a universal upper bound to thermodynamic efficiency (95) (Fig. 4b). The Harada-Sasa 

equality, which relates the energy dissipation rate to the extent of the violation of the fluctuation-

response relation, has been used to estimate the efficiency of single kinesin motors as ~20% (5). In 

contrast, the rotary motor F1-ATPase has been suggested to operate near 100% efficiency (6, 7). A 

candidate explanation for the stark contrast between the efficiencies of these two motors invokes 

reversibility of their kinetics (5). While both motors consume ATP when taking a forward step, F1-

ATPase can synthesize ATP during backwards rotations. As such, and in contrast to kinesin, the energy 



8 

for these backwards steps can be conserved. Understanding the evolutionary pressures on motor 

efficiencies is an active area of research (96). 

  

Nonequilibrium physics theories have also predicted tradeoffs in biochemical circuits constrained by the 

energy dissipation rate. In the context of processes such as DNA replication, the amount of Gibbs energy 

provided by nucleotides sets a tradeoff between replication speed, accuracy of copies, and energy 

dissipation (9). Kinetic proofreading is a mechanism for error correction in biochemical reactions at the 

cost of energy expenditure and is important for quality control and accuracy in many cellular processes 

(8, 97). Keeping track of energy expenditure and understanding how energy dissipation contributes to 

enhance sensitivity, increase speed and/or accuracy of information processing in cells is both an 

experimental and a theoretical challenge (8, 10, 74, 76, 77, 98-103). New insights on the energy-

performance tradeoff in biochemical networks have enabled identification of useful design principles for 

biological networks to achieve their targeted functions efficiently (104-106). For example, Gibbs energy 

dissipation is necessary during chemosensory adaptation in E. coli, where energy must be spent in order 

to adapt to changing concentrations of chemoattractants while maintaining sensitivity of the 

chemoreceptors (Fig. 3c). Coarse-grained models of the feedback network predict a general energy-

speed-accuracy tradeoff relation in sensory adaptation. This model predicts a decrease of adaptation 

speed without compromising adaptation accuracy in starving E. coli, which has been confirmed 

experimentally (10) (Fig. 4c). 

  

These examples highlight the role energetic constraints can play in understanding the limits of cellular 

growth rates, the efficiency of molecular motors, and the speed-accuracy tradeoff in cellular information 

processing while opening further questions. To what extent do energetic constraints exist for other 

cellular processes? If an energetic constraint exists for a given process, do cells operate near this limit? 

Addressing these questions will require the pairing of quantitative measurements and the development 

of new theories based on nonequilibrium physics. Recent advances in nonequilibrium dynamics (107-

110) and stochastic thermodynamics (17-21) have provided tools to study nonequilibrium processes and 

define physical limits. Such tools have helped quantify entropy production (111-116), energy dissipation 

(18, 19, 92, 117, 118), work (119, 120), and free energy transduction in nonequilibrium systems (121). 

Applying thermodynamic principles to metabolic networks has resulted in the discovery of energetic 

constraints on metabolic fluxes (4, 122-124). New experimental and theoretical approaches have been 

developed to identify nonequilibrium dynamics in biological systems by quantifying the breaking of 

detailed balance (125-127) and irreversibility (128, 129). The violation of the fluctuation-dissipation 

relation has also been used to quantify energy dissipation at the single molecular level (5). It remains a 

challenge to apply these theories to cell biology to understand the reciprocal relationship between 

energy dissipation and cellular functions (130-137). 

  

 

Conclusions and Outlook: how nonequilibrium physics can shed light on these questions 
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Physical bioenergetics aims to reveal energetic costs and constraints in cells, leveraging tools from 

nonequilibrium physics and applying them to open questions in cell biology and energy metabolism. The 

central themes of physical bioenergetics are to understand how much energy cells use, how they 

partition this energy into different cellular processes, and the associated energetic constraints. New 

technologies are being developed to study energy fluxes with single-cell and subcellular resolution (30, 

57, 59-64, 67, 138), which make it possible to study the correlation between energy fluxes and 

subcellular processes. Nonequilibrium physics provides new tools to interpret these measurements in 

terms of dynamics (107-109), entropy production (21, 112, 113, 116), energy dissipation (18, 19, 92, 

117, 118) and their correlation with emergent dynamics of cellular structures (13, 14, 125, 127, 129).  

  

Despite these recent advances, challenges and opportunities remain in physical bioenergetics. 

Experimentalists and theorists face the challenge to understand how cells use energy to build cellular 

structures and drive cellular processes. How do we most usefully define and measure spatial-temporal 

energy fluxes and connect it to physical quantities such as efficiency, enthalpy, entropy and Gibbs 

energy dissipation on the cellular and subcellular scale? Do we have sufficient quantitative knowledge 

about the biochemistry and rates of cellular processes in order to make calculations about their energy 

usage and their magnitude within a cellular energy budget? What are the constraints and tradeoffs 

imposed by the energy dissipation rate on cellular processes and what are the resulting consequences 

on cellular functions? 

  

Nonequilibrium physics, in combination with approaches from biochemistry and cell biology, provides 

additional tools that hold the promise of addressing these questions. Applying these tools to cellular 

systems is an open challenge for both experimentalists and theorists which will require the extension of 

existing physical theories and development of new experimental approaches. Physical bioenergetics 

provides a testing ground for these theories and will inform the development of nonequilibrium physics. 

For example, applying stochastic thermodynamics to molecular motors has revealed constraints on their 

efficiencies (5-7) (Fig. 4b), but it is unclear if motors operate near this predicted limit in cells. Active 

matter physics has helped provide a quantitative framework for the rich spatiotemporal dynamics of 

cellular structures which arise from energy fluxes, but the energy fluxes themselves are rarely studied 

directly. Since energy fluxes in cells are not always constant, it is hence important to consider the 

interplay between the dynamics of energy fluxes and the dynamics of cellular structures. (Fig. 3a) (12, 

139-141).  

 

Another fundamental challenge to modelling cellular systems lies in systematically developing 

phenomenological and coarse-grained models for complex metabolic networks. Computational models 

are frequently constructed to study metabolic networks by incorporating all known relevant metabolic 

pathways (142-144). While these models have provided many important insights into metabolism, they 

are usually dependent on a large number of parameters that can be highly context-dependent and are 

difficult to measure in vivo. Coarse-grained and phenomenological models are potentially useful tools to 

model metabolic networks with few effective parameters. This approach has proven useful in many 

fields. For example, in active matter physics, cytoskeletal dynamics can be well described by field 

theories using few phenomenological parameters and without detailed knowledge of the system’s 
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microscopic properties (12, 13, 15, 16, 145, 146). Techniques have also been developed to coarse-grain 

detailed microscopic models to obtain hydrodynamic models for these systems (147-150). This coarse-

grained modeling approach has started seeing applications in modeling cellular energy flows (30, 89, 91, 

151-155). Such coarse-grained, phenomenological laws can potentially be used to interpret the changes 

of global energy fluxes as measured by oxygen consumption rate (28, 43) and heat production rate (23, 

24) and provide insights into the energy usage of cells. 

 

How do we know if we have satisfactorily answered the open questions proposed in this perspective? It 

boils down to making quantitative predictions using theoretical models and testing them experimentally  

in cells. For example, can we predict the energetic cost of specific cellular processes? Can we predict the 

dynamical behaviors of cellular structures? Can we predict the relevant energetic limits of cellular 

processes? Can we integrate this information to make testable predictions about the evolution of 

cellular features? Overall, physical bioenergetics provides an opportunity for scientists across disciplines 

to bring together recent experimental and theoretical advances and address new questions and 

challenges arising from this new perspective. 

  

Glossary 

  

●            Active matter physics - Subfield of physics studying systems of interacting entities that 

are out of equilibrium due to the dissipation of energy at the scale of the system’s constituents. 

Active matter systems frequently display emergent phenomena, including collective motion and 

self-organization. In cell biology, one well studied example of active matter is the cytoskeleton. 

●            Coarse-grained models - theoretical or computational models that simulate the 

behaviors of complex systems using a simplified representation by decreasing the degrees of 

freedom of the system. 

●            Efficiency - A fraction between 0 and 1 that describes how much of a total quantity is 

spent usefully for a given process. Depending on the context, efficiencies can have numerous 

definitions (5, 6, 42, 99, 121, 156-159). For example, in the context of energy efficiency, one may 

define an efficiency as the fraction of Gibbs energy per glucose that is used to generate ATP 

from glycolysis, which is ~50% (156). 

●            Energetic cost - The amount of energy required by a process. In the cellular context, 

energetic costs are typically considered in the equivalent number of ATP hydrolyses required to 

release the same amount of Gibbs energy per unit time or measured as the fraction of global 

energy flux associated with a certain cellular process. 

●            Energetic constraints - Limits and tradeoffs on the performances of cellular processes 

induced by the Gibbs energy dissipation rate or other energetic factors. Examples include the 

limitation on the cell growth rate, the efficiencies of molecular motors, and the energy-speed-

accuracy tradeoff of cellular information processing. 

●            Energy dissipation - a process in which energy is transformed from an initial form to a 

final form, and the capacity of the final form to do work is less than that of the initial form. 
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●            Energy flow - The conversion of energy from one form to another. In cells, the global 

energy flow frequently represents the conversion of Gibbs energy from the nutrients through 

cellular activities to biomass or heat, through intermediate metabolic steps such as the 

production and consumption of ATP.  

●            Energy flux - The rate of energy flow. For cells, measurements of energy fluxes include 

global fluxes such as the rates of oxygen consumption and heat production and fluxes through 

specific metabolic pathways.  

●            Energy metabolism - The sum of the processes used by cells to convert energy from one 

form to another, such as ATP, that is more available for cellular machinery to use. Examples of 

such processes include glycolysis, respiration, and photosynthesis. 

●            Enthalpy - Thermodynamic state function characterized by the sum of a system’s 

internal energy and the product of pressure and volume. For a system at constant pressure that 

is not exchanging mass, changes in the system’s enthalpy correspond with the quantity of heat 

released (ΔH >0) or absorbed (ΔH < 0) by the system. 

●            Entropy - Thermodynamic quantity associated with the irreversibility of a process. For 

an isothermal system, the entropy production is related to the decrease of free energy of the 

system. 

●            Gibbs Energy - Thermodynamic potential that constrains the maximum amount of 

reversible work that can be extracted from a process at a constant temperature and pressure 

and characterizes how far away a system is from equilibrium. Gibbs energy is also referred to as 

Gibbs free energy. Changes in Gibbs energy can be related to changes in enthalpy (H) and 

entropy (S) through the relation ΔG=ΔH-TΔS. In the context of chemical reactions, the difference 

in Gibbs energy between states characterizes if the reaction is favorable or spontaneous to 

proceed. 

●            Global energy flux - The rate at which cells convert energy through all cellular activities. 

●            Intracellular metabolic fluxes - The rates of turnover of molecules through specific 

metabolic pathways inside the cell. 

●            Nonequilibrium physics - Subfield of physics studying systems that are not in 

thermodynamic equilibrium. At thermodynamic equilibrium, there are no net macroscopic flows 

of energy and matter within the system or between systems. 

●            Stochastic thermodynamics - Subfield of physics studying the fluctuations and 

distributions of thermodynamic quantities, including work, entropy production, and energy 

dissipation, in small systems such as biopolymers, enzymes and molecular motors. One of its 

applications in physical bioenergetics is to study the dynamics of molecular motors. 

  

 

Acknowledgements 

We thank Yuhai Tu for helpful suggestions. This paper was inspired in part by the Cellular Energetics 

program at the Kavli Institute for Theoretical Physics, and we acknowledge all the insightful discussions 



12 

among the participants (for details, see https://www.kitp.ucsb.edu/activities/cellenergy19). This 

research was supported in part by the National Science Foundation Grant No. NSF PHY-1748958, NIH 

Grant No. R25GM067110, and the Gordon and Betty Moore Foundation Grant No. 2919.02. PJF 

acknowledges support from the Gordon and Betty Moore Foundation for support as a Physics of Living 

Systems Fellow through grant no. GBMF4513. JW was supported by NSF-PHY-76066, CHE-1808474 and 

NIH Grant No. R01GM124177 and 1UF1NS115779-01. DJN was supported by NSF grants PHY2013874, 

MCB2052305, DMR1420570, and DMR2004380, and NIH grant R01HD092550-01. DVT was supported by 

DP2 GM132933. GH and GLT acknowledge support from the Chan Zuckerberg Biohub. JH was supported 

by NIH Grant Nos. DP1 MH110065 and R01 GM110386. JR was supported by EMBO Grant No. ALTF 754-

2015 and NIH Grant No. R21 HD094013 (to Karla M. Neugebauer). PR is supported by the National 

Science Foundation through the Center for the Physics of Biological Function (PHY-1734030), by the 

French National Research Agency (ANR-16-CONV-0001) and by the Excellence Initiative of Aix-Marseille 

University - A*MIDEX. ST acknowledges support from the Simons Foundation (Grant No. 287975) and 

the Max Planck Society via a Partner Group. SP acknowledges support by JSPS KAKENHI Grant No. 

JP18K03473. Figures were created with BioRender.com. 

  

References 
 

1. Salway JG (2017) Metabolism at a Glance (John Wiley & Sons). 

2. Alberts B, et al. (2007) Molecular Biology of the Cell (Garland Science). 5 Ed. 

3. White D, Drummond JT, Fuqua C (2012) The Physiology and Biochemistry of Prokaryotes (Oxford University Press, 
USA). 

4. Niebel B, Leupold S, Heinemann M (2019) An upper limit on Gibbs energy dissipation governs cellular metabolism. 
Nature Metabolism 1(1):125–132. 

5. Ariga T, Tomishige M, Mizuno D (2018) Nonequilibrium Energetics of Molecular Motor Kinesin. Phys Rev Lett 
121(21):218101. 

6. Toyabe S, et al. (2010) Nonequilibrium Energetics of a Single F1-ATPase Molecule. Phys Rev Lett 104(19):198103. 

7. Toyabe S, Watanabe-Nakayama T, Okamoto T, Kudo S, Muneyuki E (2011) Thermodynamic efficiency and 
mechanochemical coupling of F1-ATPase. PNAS 108(44):17951–17956. 

8. Hopfield JJ (1974) Kinetic Proofreading: A New Mechanism for Reducing Errors in Biosynthetic Processes Requiring 
High Specificity. Proc Natl Acad Sci 71(10):4135–4139. 

9. Sartori P, Pigolotti S (2015) Thermodynamics of Error Correction. Phys Rev X 5(4):P01008–9. 

10. Lan G, Sartori P, Neumann S, Sourjik V, Tu Y (2012) The energy-speed-accuracy trade-off in sensory adaptation. Nat 
Phys 8:422–428. 

11. Nicholls DG, Ferguson SJ (2013) Bioenergetics (Academic Press). 

12. Brugués J, Needleman D (2014) Physical basis of spindle self-organization. P Natl Acad Sci Usa 111(52):18496–18500. 

https://www.kitp.ucsb.edu/activities/cellenergy19


13 

13. Marchetti MC, et al. (2013) Hydrodynamics of soft active matter. Rev Mod Phys 85(3):1143–1189. 

14. Needleman D, Dogic Z (2017) Active matter at the interface between materials science and cell biology. Nat Rev 
Mater 2:17048. 

15. Prost J, Jülicher F, Joanny JF (2015) Active gel physics. Nat Phys 11(2):111–117. 

16. Ronceray P, Broedersz CP, Lenz M (2016) Fiber networks amplify active stress. Proc Natl Acad Sci 113(11):2827–
2832. 

17. Falasco G, Esposito M (2020) Dissipation-Time Uncertainty Relation. Phys Rev Lett 125(12):120604. 

18. Gingrich TR, Rotskoff GM, Horowitz JM (2017) Inferring dissipation from current fluctuations. J Phys A: Math Theor 
50(18):184004–24. 

19. Horowitz JM, Gingrich TR (2019) Thermodynamic uncertainty relations constrain non-equilibrium fluctuations. Nat 
Phys:1–6. 

20. Rao R, Esposito M (2018) Conservation laws shape dissipation. New J Phys 20(2):023007–32. 

21. Seifert U (2012) Stochastic thermodynamics, fluctuation theorems and molecular machines. Reports on Progress in 
Physics 75(12):126001–59. 

22. Mookerjee SA, Gerencser AA, Nicholls DG, Brand MD (2017) Quantifying intracellular rates of glycolytic and oxidative 
ATP production and consumption using extracellular flux measurements. J Biol Chem 292(17):7189–7207. 

23. Nagano Y, Ode KL (2014) Temperature-independent energy expenditure in early development of the African clawed 
frog Xenopus laevis. Phys Biol 11(4):046008–13. 

24. Rodenfels J, Neugebauer KM, Howard J (2019) Heat Oscillations Driven by the Embryonic Cell Cycle Reveal the 
Energetic Costs of Signaling. Developmental Cell 48:1–13. 

25. Tennessen JM, Baker KD, Lam G, Evans J, Thummel CS (2011) The Drosophila Estrogen-Related Receptor Directs a 
Metabolic Switch that Supports Developmental Growth. Cell Metabolism 13(2):139–148. 

26. Krisher RL, Prather RS (2012) A role for the Warburg effect in preimplantation embryo development: Metabolic 
modification to support rapid cell proliferation. Mol Reprod Dev 79(5):311–320. 

27. Song Y, et al. (2019) Energy budget of Drosophila embryogenesis. Current Biology 29(12):R566–R567. 

28. Chason RJ, Csokmay J, Segars JH, DeCherney AH, Armant DR (2011) Environmental and epigenetic effects upon 
preimplantation embryo metabolism and development. Trends Endocrinol Metab 22(10):412–420. 

29. Rodenfels J, et al. (2020) Contribution of increasing plasma membrane to the energetic cost of early zebrafish 
embryogenesis. Molecular Biology of the Cell 31(7):520–526. 

30. Yang X, Needleman DJ (2020) Coarse-grained model of mitochondrial metabolism enables subcellular flux inference 
from fluorescence lifetime imaging of NADH. bioRxiv. doi:10.1101/2020.11.20.392225 

31. Lawrence EJ, Boucher E, Mandato CA (2016) Mitochondria-cytoskeleton associations in mammalian cytokinesis. Cell 
Div 11(1):1–16. 

32. Dumollard R, et al. (2004) Sperm-triggered [Ca2+] oscillations and Ca2+ homeostasis in the mouse egg have an 
absolute requirement for mitochondrial ATP production. Development 131(13):3057–3067. 

33. Wang X-H, Yin S, Ou X-H, Luo S-M (2020) Increase of mitochondria surrounding spindle causes mouse oocytes 
arrested at metaphase I stage. Biochemical and Biophysical Research Communications 527(4):1043–1049. 



14 

34. Duan X, et al. (2020) Dynamic organelle distribution initiates actin-based spindle migration in mouse oocytes. Nature 
Communications 11(227):1–15. 

35. Auberson L, Kanbier T, Stockar von U (1993) Monitoring synchronized oscillating yeast cultures by calorimetry. 
Biochimica et Biophysica Acta 29:205–215. 

36. Foster PJ, Razo-Mejia M, Phillips R (2019) Measuring the Energetic Costs of Embryonic Development. Developmental 
Cell 48(5):591–592. 

37. Hur S, Mittapally R, Yadlapalli S, Reddy P, Meyhofer E (2020) Sub-nanowatt resolution direct calorimetry for probing 
real-time metabolic activity of individual C. elegans worms. Nature Communications:1–9. 

38. Kemp RB (1975) Microcalorimetric studies of tissue cells and bacteria. Pesticide Science 6(3):311–325. 

39. Maskow T, Paufler S (2015) What does calorimetry and thermodynamics of living cells tell us? Methods 76:3–10. 

40. Thommen A, et al. (2019) Body size-dependent energy storage causes Kleiber's law scaling of the metabolic rate in 
planarians. eLife 8:e38187. 

41. Ferrick DA, Neilson A, Beeson C (2008) Advances in measuring cellular bioenergetics using extracellular flux. Drug 
Discovery Today 13(5-6):268–274. 

42. Gnaiger E, Méndez G, Hand SC (2000) High phosphorylation efficiency and depression of uncoupled respiration in 
mitochondria under hypoxia. Proc Natl Acad Sci 97(20):11080–11085. 

43. Houghton FD, Thompson JG, Kennedy CJ, Leese HJ (1996) Oxygen consumption and energy metabolism of the early 
mouse embryo. Mol Reprod Dev 44(4):476–485. 

44. Herst PM, Berridge MV (2007) Cell surface oxygen consumption: a major contributor to cellular oxygen consumption 
in glycolytic cancer cell lines. Biochimica et Biophysica Acta 1767 :170–177. 

45. Rolfe DF, Brown GC (1997) Cellular energy utilization and molecular origin of standard metabolic rate in mammals. 
Physiological Reviews 77(3):731–758. 

46. Thornton WM (1917) XV. The relation of oxygen to the heat of combustion of organic compounds. The London, 
Edinburgh, and Dublin Philosophical Magazine and Journal of Science 33(194):196–203. 

47. Calvin M (1961) The path of carbon in photosynthesis (Nobel Prize Lecture). NobelPrize.org. Nobel Media AB 2021. 
Available at: https://www.nobelprize.org/prizes/chemistry/1961/calvin/lecture/ 

48. Wiechert W (2001) 13C metabolic flux analysis. Biochimica et Biophysica Acta 3(3):195–206. 

49. Iyer-Biswas S, et al. (2014) Scaling laws governing stochastic growth and division of single bacterial cells. P Natl Acad 
Sci Usa 111(45):15912–15917. 

50. Si F, et al. (2019) Mechanistic Origin of Cell-Size Control and Homeostasis in Bacteria. Current Biology 29(11):1760–
1770. 

51. Papagiannakis A, Niebel B, Wit EC, Heinemann M (2017) Autonomous Metabolic Oscillations Robustly Gate the Early 
and Late Cell Cycle. Molecular cell 65(2):285–295. 

52. Bulusu V, et al. (2017) Spatiotemporal Analysis of a Glycolytic Activity Gradient Linked to Mouse Embryo Mesoderm 
Development. Developmental Cell 40(4):331–341.e4. 

53. Oginuma M, et al. (2017) A Gradient of Glycolytic Activity Coordinates FGF and Wnt Signaling during Elongation of 
the Body Axis in Amniote Embryos. Developmental Cell 40(4):342–353.e10. 



15 

54. Smiley ST, et al. (1991) Intracellular heterogeneity in mitochondrial membrane potentials revealed by a J-aggregate-
forming lipophilic cation JC-1. Proc Natl Acad Sci 88(9):3671–3675. 

55. Morris J, et al. (2017) Subcellular Genomics: Pervasive within-Mitochondrion Single-Nucleotide Variant 
Heteroplasmy as Revealed by Single-Mitochondrion Sequencing. Cell Reports 21(10):2706–2713. 

56. Park JS, et al. (2020) Mechanical regulation of glycolysis via cytoskeleton architecture. Nature 578:621–626. 

57. Imamura H, et al. (2009) Visualization of ATP levels inside single living cells with fluorescence resonance energy 
transfer-based genetically encoded indicators. Proc Natl Acad Sci 106(37):15651–15656. 

58. Skala MC, et al. (2007) In vivo multiphoton fluorescence lifetime imaging of protein-bound and free nicotinamide 
adenine dinucleotide in normal and precancerous epithelia. J Biomed Opt 12(2):024014–10. 

59. Díaz García CM, et al. (2019) Quantitative in vivo imaging of neuronal glucose concentrations with a genetically 
encoded fluorescence lifetime sensor. J Neurosci Res 97(8):946–960. 

60. Berg J, Hung YP, Yellen G (2009) A genetically encoded fluorescent reporter of ATP:ADP ratio. Nat Methods 6(2):161–
166. 

61. Heikal AA (2010) Intracellular coenzymes as natural biomarkers for metabolic activities and mitochondrial anomalies. 
Biomarkers Med 4(2):241–263. 

62. Hung YP, Albeck JG, Tantama M, Yellen G (2011) Imaging Cytosolic NADH-NAD+ Redox State with a Genetically 
Encoded Fluorescent Biosensor. Cell Metabolism 14(4):545–554. 

63. Lakowicz JR, Szmacinski H, Nowaczyk K, Johnson ML (1992) Fluorescence lifetime imaging of free and protein-bound 
NADH. Proc Natl Acad Sci 89(4):1271–1275. 

64. San Martín A, et al. (2014) Imaging Mitochondrial Flux in Single Cells with a FRET Sensor for Pyruvate. PLoS ONE 
9(1):e85780–9. 

65. Boitard L, et al. (2012) Monitoring single-cell bioenergetics via the coarsening of emulsion droplets. Proc Natl Acad 
Sci 109(19):7181–7186. 

66. Oh S, et al. (2019) In situ measurement of absolute concentrations by Normalized Raman Imaging. bioRxiv. 
doi:10.1101/629543. 

67. Hu F, et al. (2015) Vibrational Imaging of Glucose Uptake Activity in Live Cells and Tissues by Stimulated Raman 
Scattering. Angew Chem Int Ed 54:9821–9825. 

68. Monteiro F, et al. (2019) Measuring glycolytic flux in single yeast cells with an orthogonal synthetic biosensor. Mol 
Syst Biol 15(12):e9071. 

69. Lynch M, Marinov GK (2015) The bioenergetic costs of a gene. P Natl Acad Sci Usa 112(51):15690–15695. 

70. Mahmoudabadi G, Phillips R, Lynch M, Milo R (2019) Defining the Energetic Costs of Cellular Structures. bioRxiv. 
doi:10.1101/666040 

71. Stouthamer AH (1973) A theoretical study on the amount of ATP required for synthesis of microbial cell material. 
Antonie van Leeuwenhoek 39(1):545–565. 

72. Phillips R, Milo R (2009) A feeling for the numbers in biology. Proc Natl Acad Sci 106(51):21465–21471. 

73. Wang T-L, Kuznets-Speck B, Broderick J, Hinczewski M (2020) The price of a bit: energetic costs and the evolution of 
cellular signaling. bioRxiv. doi:10.1101/2020.10.06.327700. 



16 

74. Mehta P, Schwab D (2012) Energetic costs of cellular computation. PNAS 109(44):17978–17982. 

75. Milo R, Phillips R (2016) Cell Biology by the Numbers (Garland Science). 

76. Estrada J, Wong F, DePace A, Gunawardena J (2016) Information Integration and Energy Expenditure in Gene 
Regulation. Cell 166(1):234–244. 

77. Wong F, Gunawardena J (2020) Gene Regulation in and out of Equilibrium. Annu Rev Biophys 49(1):199–226. 

78. Zhang D, Cao Y, Ouyang Q, Tu Y (2020) The energy cost and optimal design for synchronization of coupled molecular 
oscillators. Nat Phys 16(1):95–100. 

79. Phillips R, Kondev J, Theriot J (2008) Physical biology of the cell (Garland Science, New York). 

80. Wieser W, Krumschnabel G (2001) Hierarchies of ATP-consuming processes: direct compared with indirect 
measurements, and comparative aspects. Biochem J 355(2):389–395. 

81. Brown GC (1992) Control of respiration and ATP synthesis in mammalian mitochondria and cells. Biochem J 284:1–
13. 

82. Miyazawa H, Aulehla A (2018) Revisiting the role of metabolism during development. Development 
145(19):dev131110–11. 

83. Song Y, Shvartsman SY (2020) Chemical Embryology Redux: Metabolic Control of Development. Trends in Genetics 
36(8):577–586. 

84. Chi F, Sharpley MS, Nagaraj R, Roy Sen S, Banerjee U (2020) Glycolysis-Independent Glucose Metabolism 
Distinguishes TE from ICM Fate during Mammalian Embryogenesis. Developmental Cell 53(1):9–26. 

85. Ilker E, Hinczewski M (2019) Modeling the Growth of Organisms Validates a General Relation between Metabolic 
Costs and Natural Selection. Phys Rev Lett 122(23):238101. 

86. Bin Ni, Colin R, Link H, Endres RG, Sourjik V (2020) Growth-rate dependent resource investment in bacterial motile 
behavior quantitatively follows potential benefit of chemotaxis. Proc Natl Acad Sci 117(1):595–601. 

87. Lynch M, Trickovic B (2020) A Theoretical Framework for Evolutionary Cell Biology. Biochimica et Biophysica Acta 
432(7):1861–1879. 

88. Hoekstra LA, Montooth KL (2013) Inducing extra copies of the Hsp70 gene in Drosophila melanogaster increases 
energetic demand. BMC Evol Biol 13(68). doi:doi:10.1186/1471-2148-13-68. 

89. Szenk M, Dill KA, de Graff AMR (2017) Why Do Fast-Growing Bacteria Enter Overflow Metabolism? Testing the 
Membrane Real Estate Hypothesis. Cell Systems 5(2):95–104. 

90. Zhuang K, Vemuri GN, Mahadevan R (2011) Economics of membrane occupancy and respiro-fermentation. Mol Syst 
Biol 7(1):1–9. 

91. Basan M, et al. (2015) Overflow metabolism in Escherichia coli results from efficient proteome allocation. Nature 
528(7580):99–104. 

92. Li J, Horowitz JM, Gingrich TR, Fakhri N (2019) Quantifying dissipation using fluctuating currents. Nature 
Communications 10(1666). doi:10.1038/s41467-019-09631-x. 

93. Gingrich TR, Horowitz JM, Perunov N, England JL (2016) Dissipation Bounds All Steady-State Current Fluctuations. 
Phys Rev Lett 116(12):120601–5. 



17 

94. Barato AC, Seifert U (2015) Thermodynamic Uncertainty Relation for Biomolecular Processes. Phys Rev Lett 
114(15):158101. 

95. Pietzonka P, Barato AC, Seifert U (2016) Universal bound on the efficiency of molecular motors. J Stat Mech 
(12):124004. 

96. Wagoner JA, Dill KA (2019) Opposing Pressures of Speed and Efficiency Guide the Evolution of Molecular Machines. 
Molecular Biology and Evolution 36(12):2813–2822. 

97. Ninio J (1975) Kinetic amplification of enzyme discrimination. Biochimie 57:587–595. 

98. Shin G, Wang J (2021) The role of energy cost on accuracy, sensitivity, specificity, speed and adaptation of T cell 
foreign and self recognition. Phys Chem Chem Phys 23:2860–2872. 

99. Barato AC, Hartich D, Seifert U (2014) Efficiency of cellular information processing. New J Phys 16(10):103024. 

100. Park J, et al. (2019) Dissecting the sharp response of a canonical developmental enhancer reveals multiple sources of 
cooperativity. eLife 8:e41266. 

101. Tu Y (2008) The nonequilibrium mechanism for ultrasensitivity in a biological switch: Sensing by Maxwell's demons. 
Proc Natl Acad Sci 105(33):11737–11741. 

102. Lan G, Tu Y (2013) The cost of sensitive response and accurate adaptation in networks with an incoherent type-1 
feed-forward loop. Journal of The Royal Society Interface 10(87):20130489. 

103. Cao Y, Wang H, Ouyang Q, Tu Y (2015) The free-energy cost of accurate biochemical oscillations. Nat Phys 11(9):772–
778. 

104. Zhang D, Cao Y, Ouyang Q, Tu Y (2019) The energy cost and optimal design for synchronization of coupled molecular 
oscillators. Nat Phys 16(1):95–100. 

105. Fei C, Cao Y, Ouyang Q, Tu Y (2018) Design principles for enhancing phase sensitivity and suppressing phase 
fluctuations simultaneously in biochemical oscillatory systems. Nature Communications 9(1):1434. 

106. Tu Y, Cao Y (2018) Design principles and optimal performance for molecular motors under realistic constraints. PRL 
97(2-1):022403. 

107. Fang X, Wang J (2020) Nonequilibrium Thermodynamics in Cell Biology: Extending Equilibrium Formalism to Cover 
Living Systems. Annu Rev Biophys 49:227–246. 

108. Fang X, Kruse K, Lu T, Wang J (2019) Nonequilibrium physics in biology. Rev Mod Phys 91(4):045004. 

109. Wang J (2015) Landscape and flux theory of non-equilibrium dynamical systems with application to biology. 
Advances in Physics 64(1):1–137. 

110. Wang J, Xu L, Wang E (2008) Potential landscape and flux framework of nonequilibrium networks: Robustness, 
dissipation, and coherence of biochemical oscillations. Proc Natl Acad Sci 105(34):12271–12276. 

111. Ge H, Qian H (2010) Physical origins of entropy production, free energy dissipation, and their mathematical 
representations. Phys Rev E Stat Nonlin Soft Matter Phys 81(5):051133–5. 

112. Nardini C, et al. (2017) Entropy Production in Field Theories without Time-Reversal Symmetry: Quantifying the Non-
Equilibrium Character of Active Matter. Phys Rev X 7(2):021007–20. 

113. Parrondo JMR, Horowitz JM, Sagawa T (2015) Thermodynamics of information. Nat Phys 11(2):131–139. 



18 

114. Qian H, Beard DA (2005) Thermodynamics of stoichiometric biochemical networks in living systems far from 
equilibrium. Biophysical Chemistry 114:213–220. 

115. Seifert U (2005) Entropy Production along a Stochastic Trajectory and an Integral Fluctuation Theorem. Phys Rev Lett 
95(4):040602. 

116. Shankar S, Marchetti MC (2018) Hidden entropy production and work fluctuations in an ideal active gas. Phys Rev E 
98(2):020604(R). 

117. Fodor É, et al. (2016) Nonequilibrium dissipation in living oocytes. EPL (Europhysics Letters) 116(3):30008. 

118. Harada T, Sasa S-I (2005) Equality Connecting Energy Dissipation with a Violation of the Fluctuation-Response 
Relation. Phys Rev Lett 95(13):130602–4. 

119. Jarzynski C (1997) Nonequilibrium equality for free energy differences. Phys Rev Lett 78(14):2690–2693. 

120. Pietzonka P, Fodor É, Lohrmann C, Cates ME, Seifert U (2019) Autonomous Engines Driven by Active Matter: 
Energetics and Design Principles. Phys Rev X 9(4):041032. 

121. Hill TL (2005) Free energy transduction and biochemical cycle kinetics. 

122. Beard DA, Liang S, Qian H (2002) Energy balance for analysis of complex metabolic networks. Biochimica et 
Biophysica Acta 83(1):79–86. 

123. Beard DA, Babson E, Curtis E, Qian H (2004) Thermodynamic constraints for biochemical networks. Biochimica et 
Biophysica Acta 228(3):327–333. 

124. Park JO, et al. (2019) Near-equilibrium glycolysis supports metabolic homeostasis and energy yield. Nat Chem Biol 
15(10):1001–1008. 

125. Battle C, et al. (2016) Broken detailed balance at mesoscopic scales in active biological systems. Science 
352(6285):604–607. 

126. Liu Q, Wang J (2020) Quantifying the flux as the driving force for nonequilibrium dynamics and thermodynamics in 
non-Michaelis–Menten enzyme kinetics. Proc Natl Acad Sci 117(2):923–930. 

127. Gladrow J, Fakhri N, MacKintosh FC, Schmidt CF, Broedersz CP (2016) Broken Detailed Balance of Filament Dynamics 
in Active Networks. Phys Rev Lett 116(24):248301. 

128. Frishman A, Ronceray P (2020) Learning Force Fields from Stochastic Trajectories. Phys Rev X 10(2):021009. 

129. Roldán É, Barral J, Martin P, Parrondo JMR, Jülicher F (2018) Arrow of Time in Active Fluctuations. arXiv. 
arXiv:1803.04743 [cond-mat.stat-mech]. 

130. Zhao L, Wang J (2016) Uncovering the mechanisms of Caenorhabditis elegans ageing from global quantification of 
the underlying landscape. J R Soc Interface 13:20160421. 

131. Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg Effect: The Metabolic 
Requirements of Cell Proliferation. Science 324(5930):1029–1033. 

132. Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 
443(7113):787–795. 

133. Van Blerkom J (2011) Mitochondrial function in the human oocyte and embryo and their role in developmental 
competence. Biochimica et Biophysica Acta 11(5):797–813. 



19 

134. Li C, Wang J (2014) Landscape and flux reveal a new global view and physical quantification of mammalian cell cycle. 
Proc Natl Acad Sci 111(39):14130–14135. 

135. Li W, Wang J (2020) Uncovering the Underlying Mechanisms of Cancer Metabolism through the Landscapes and 
Probability Flux Quantifications. iScience 23(4):101002. 

136. Xu L, Wang J (2020) Curl Flux as a Dynamical Origin of the Bifurcations/Phase Transitions of Nonequilibrium Systems: 
Cell Fate Decision Making. J Phys Chem B 124(13):2549−2559. 

137. Zhang K, Wang J (2018) Exploring the Underlying Mechanisms of the Xenopus laevis Embryonic Cell Cycle. J Phys 
Chem B 122(21):5487–5499. 

138. San Martín A, et al. (2013) A Genetically Encoded FRET Lactate Sensor and Its Use To Detect the Warburg Effect in 
Single Cancer Cells. PLoS ONE 8(2):e57712–11. 

139. Deshpande V, DeSimone A, McMeeking R, Recho P (2021) Chemo-mechanical model of a cell as a stochastic active 
gel. Journal of the Mechanics and Physics of Solids. 151:104381. 

140. Markovich T, Fodor É, Tjhung E, Cates ME (2020) Thermodynamics of active field theories: Energetic cost of coupling 
to reservoirs. arXiv. arXiv:2008.06735 [cond-mat.stat-mech]. 

141. Pandey R, Heeger S, Lehner CF (2007) Rapid effects of acute anoxia on spindle kinetochore interactions activate the 
mitotic spindle checkpoint. Journal of cell science 120(16):2807–2818. 

142. Beard DA (2005) A Biophysical Model of the Mitochondrial Respiratory System and Oxidative Phosphorylation. PLoS 
Comp Biol 1(4):e36–13. 

143. Korzeniewski B, Zoladz JA (2001) A model of oxidative phosphorylation in mammalian skeletal muscle. Biophysical 
Chemistry 92:17–34. 

144. Tavassoly I, Goldfarb J, Iyengar R (2018) Systems biology primer: the basic methods and approaches. Essays in 
Biochemistry 62(4):487–500. 

145. Doi M (2013) Soft Matter Physics (Oxford University Press). 

146. Israelachvili JN (2015) Intermolecular and surface forces. 

147. Baskaran A, Marchetti MC (2008) Hydrodynamics of self-propelled hard rods. Phys Rev E 77(1):011920–9. 

148. Peshkov A, Bertin E, Ginelli F, Chaté H (2014) Boltzmann-Ginzburg-Landau approach for continuous descriptions of 
generic Vicsek-like models. Eur Phys J Spec Top 223(7):1315–1344. 

149. Yang X, Marchetti MC (2015) Hydrodynamics of Turning Flocks. Phys Rev Lett 115(25):258101–5. 

150. Fürthauer S, Needleman DJ, Shelley MJ (2021) A design framework for actively crosslinked filament networks. New J 
Phys 23(1):013012. 

151. Kooijman B, Kooijman SALM (2010) Dynamic Energy Budget Theory for Metabolic Organisation (Cambridge 
University Press). 

152. Hafner RP, Brown GC, Brand MD (1990) Analysis of the control of respiration rate, phosphorylation rate, proton leak 
rate and protonmotive force in isolated mitochondria using the “top‐down” approach of metabolic control theory. 
European Journal of Biochemistry 188:313–319. 

153. Kornick K, Bogner B, Sutter L, Das M (2019) Population Dynamics of Mitochondria in Cells: A Minimal Mathematical 
Model. Front Phys 7(146). doi:doi: 10.3389/fphy.2019.00146. 



20 

154. Taillefumier T, Posfai A, Meir Y, Wingreen NS (2017) Microbial consortia at steady supply. eLife 6:e22644. 

155. Wachtel A, Rao R, Esposito M (2018) Thermodynamically consistent coarse graining of biocatalysts beyond 
Michaelis–Menten. New J Phys 20(4):042002–19. 

156. Aledo JC, del Valle AE (2002) Glycolysis in wonderland: the importance of energy dissipation in metabolic pathways. J 
Phys Chem B 79(11):1336–1339. 

157. Westerhoff HV, Hellingwerf KJ, Van Dam K (1983) Thermodynamic efficiency of microbial growth is low but optimal 
for maximal growth rate. Proc Natl Acad Sci 80(1):305–309. 

158. Russell JB, Cook GM (1995) Energetics of bacterial growth: balance of anabolic and catabolic reactions. Microbiol Rev 
59(1):48–62. 

159. Maitra A, Dill KA (2015) Bacterial growth laws reflect the evolutionary importance of energy efficiency. P Natl Acad 
Sci Usa 112(2):406–411. 

 

Figure Legends 
 

Figure 1: Physical Bioenergetics resides at the interface of cell biology, energy metabolism, and 

nonequilibrium physics and seeks to reveal the energetic costs and constraints in cells. It combines 

insights from each field to understand how much energy cells use, how they partition this energy into 

different cellular processes, and the associated energetic constraints. 

 

Figure 2: Schematic of typical cellular chemical and energy fluxes. Energy fluxes represent the 

conversion rate of Gibbs energy derived from the environment, e.g. from nutrients, through cellular 

activities to waste products, biomass, or heat. Grey arrows represent the global energy flux through the 

cell. The enthalpic part of the global energy flux can be measured as the heat production rate of the cell. 

For aerobic organisms, measurements of the oxygen consumption rate (OCR) can be related to the rate 

of heat production through Thornton’s rule (46). Intracellular energy fluxes are represented by the 

fluxes through specific metabolic pathways, such as those that produce and consume ATP.  

 

Figure 3: Examples of cellular processes that contribute to the cellular energy budget. a, spindle self-

organization and chromosome segregation in a mammalian oocyte. b, protein synthesis with 

transcription and translation in growing cells. c, sensory adaptation in chemotactic E. coli. s, a, m 

represent input, output and controller, respectively, in the adaptive feedback network (10). 

 

Figure 4: Examples of limits and constraints imposed on cellular processes by energy fluxes. a, A limit of 

Gibbs energy dissipation rate has been proposed for growing E. coli and yeast. In this model, cells switch 

from respiration to fermentation when the rate of Gibbs energy dissipation nears this limit and the 

maximal cell growth rate is determined by this limit (4). b, Thermodynamic uncertainty relations predict 

an upper limit for the energetic efficiency of molecular motors (95). v, f, D, kB, T represent velocity, 

force, diffusion constant, Boltzmann constant, and temperature, respectively. c, A coarse-grained 

adaptive feedback model predicts an energy-speed-accuracy (ESA) tradeoff during sensory adaptation, 

including during bacterial chemotaxis, yeast osmosensing, olfactory adaptation, and rhodopsin 
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adaptation (10). c0 and ε0 are system dependent constants, σa
2 is the variance of the activity “a” 

fluctuation. ωm is the adaptation speed, and ε is the adaptation error. 
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