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Abstract

Cells, with a few exceptions, are the fundamental biological units capable of responding to stimuli,
metabolizing, growing, reproducing, and evolving. They are a pivotal example of a complex system,
where their agents, proteins, form a network where each of them performs different functions aimed at
transporting and transforming energy and resources. From obligate endosymbiont bacteria to neurons,
cells can vary in size up to 4 orders of magnitude. This change in size is accompanied by changes
in many properties, including rates and components that have the form of scaling relationships but
that can be explained by different mechanisms, from simply geometric to optimization. Here we
summarize some of the well-known examples of scaling laws in cells and some the their theoretical
underpinnings. We conclude that a unified theory to explain the origin of many of these relationships
is needed for both pure and applied purposes.
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Introduction
Cells, with a few exceptions, are the fundamental biological units capable of responding to stimuli,

metabolizing, growing, reproducing, and evolving. They are a pivotal example of a complex system,
where their agents, proteins, form a network where each of them performs different functions aimed at
transporting and transforming energy and resources. From obligate endosymbiont bacteria to neurons,
cells can vary in size up to 4 orders of magnitude. This change in size is accompanied by changes
in many properties, including rates and components that have the form of scaling relationships but
that can be explained by different mechanisms, from simply geometric to optimization. Here we
summarize some of the well-known examples of scaling laws in cells and some the their theoretical
underpinnings. We conclude that a unified theory to explain the origin of many of these relationships
is needed for both pure and applied purposes.

Cells were discovered by Robert Hooke in 1665. After many other further studies and almost two
centuries later, a more formal framework known as Cell Theory was suggested by Theodor Schwann
in 1839 [1]. This theory proposed three principles: all organisms are made of cells, all existing cells
are produced by other living cells, and the cell is the most basic unit of life [2]. Later Cell Theory
was combined with detailed molecular perspectives on the cell, including the structure of DNA, the
canonical genetic code, and the “Central Dogma” of molecular biology [3], which describes the flow of
information with DNA being transcribed into RNA and RNA translated into proteins by the ribosome.
Although viewed by many as a theory or accepted paradigm of biology, Crick viewed it as a "grand
hypothesis" [4] and indeed this hypothesis, as well as several other paradigms of biology, would
subsequently be challenged and revised. For example, recently the largest bacteria was discovered [5],
a nucleolus was discovered in an archaeon [6], and a decade ago, the first synthetic cell was built by
inserting a genome in a foreign cell, which adopted the new genome and transformed it, adapting its
volume and other traits to the new extent of genomic information [7]. Synthetic biologists have argued
(quoting Richard Feynman) that “What I cannot create, I do not understand”, and for a complete
understanding it is necessary to have a first-principles knowledge of cellular phenomena [8–12].
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Traditionally, the development of physical and chemical theories starts with observations about
a particular phenomenon up to the point where, after a given amount of data is accumulated, a
common pattern is evident. Subsequently, phenomenological mathematical models are often fitted to
the data, later leading in some cases to a more fundamental theory based on first principles. This same
approach is less common in biology following the molecular revolution which has sought to reveal
detailed genetic and molecular mechanisms in single species. However, certain biological histories
present cases of an observation-to-theory trajectory. Examples include the temperature dependence
of enzymatic rates that was first explained using an exponential Boltzmann function, inspired by
statistical mechanics and today known as the Arrhenius equation, [13] and was later derived in
the transition state theory [14]. The scaling relationship between metabolic rate and body size was
discovered by Kleiber [15] and later theorized by West et al.[16].

Cell Theory is not a theory in the same sense that it is in physics. A theory, and particularly
an efficient theory [17], is a framework expressed in the language of mathematics, based on first
principles and that makes few assumptions but many predictions that are testable or potentially
testable. It is worth mentioning that a theory differs from a mathematical model, which can be a simple
phenomenological function not necessarily based on first principles. Different models (and theories)
exist for phenomena in cell biology, such as gene expression [18], enzyme kinetics [19], and diffusion
[20]. Among these models, scaling relationships pervade the quantitative behaviors that are found in
cells. "Scaling" has many meanings, but in this context means how different properties of cells change
with cell size. Before explaining the details of how mathematically these look, let’s first explore some
of the properties and cells and their scale (range of variation in size).

Structure, Function, Diversity, and the Scale of Cells
Cells are complex adaptive systems, networks of interacting molecules, that perform all processes

distinctive of life. They metabolize, grow, reproduce, interact with other cells, and evolve. Cells are
delimited from the environment by a lipid membrane, and inside a network of interacting proteins
performs, among other, transport and transformation of metabolites that come in and out through the
cell. Proteins are polymers that are synthesized from RNA, which is ultimately copied from DNA.
Accordingly, cells are mostly composed of five elements: phosphoglycogen, metabolites, proteins,
RNA, and DNA. Each prokaryotic cell starts its life at the beginning of the cell cycle and follows an
exponential dynamics, together with most of its constituents that are replicated during the cycle; then,
most rates during the cycle are highly correlated with the growth rate. Prokaryotic cells have evolved
towards a high diversity of structures (or shapes, see below), functions, and sizes [20,21].

In prokaryotes, it is possible to find a wide diversity of functions, i.e., types of metabolisms,
going from the autotrophic and phototrophic to the heterotrophic [22]. Typically, these functions are
classified according to three criteria: i) how the organism obtains carbon, ii) how it obtains reducing
equivalents (hydrogen atoms or electrons), and iii) how it obtains energy. According to this, in the first
category, we have auto-, hetero-, and mixotrophic, which obtain carbon from CO2, organic compounds,
or both, respectively. In the second category, we have litho- and organotrophic, which obtain reducing
equivalents from inorganic and organic compounds, respectively. In the third category, we have
photo- and chemotrophic, which obtain energy from light and chemical compounds, respectively.
In multicellular eukaryotes, the specialization is more diverse and we can find cells specialized in
different functions, e.g. muscle cells (myocytes), osteoblasts, which is one of the cell types found in
bones, or hepatocytes, one of the cell types found in the liver.

In terms of cell structures and functioning, there are some differences between eukaryotes and
prokaryotes, but there are mostly commonalities. For example, in eukaryotes, a substantial amount of
transport of resources and waste products within cells is active, requiring energy to drive the transport
[23] whereas, in modern prokaryotes, the transport is mostly via passive processes of diffusion [20].
However, prokaryotes do employ active transport of molecules across the cell membrane, and some
prokaryotes carry out pinocytosis/endocytosis, it’s not well understood how and to what degree
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prokaryotes move these internalized compartments around the cell [24]. Also, there is accumulating
evidence over the last few years of the active transport of genetic material within some prokaryotic cells
via molecular motors [25]. Another example is that eukaryotes are not the only "multicellular" organ-
isms, as despite prokaryotes being seen as unicellular organisms most of them depend metabolically
on others [26] or can form colonies with division of labor [27].

The smallest bacteria are symbiont/host-associated organisms that can have genomes of ≈ 110
Kbp (with ≈ 110 genes) [28]. One of the well-studied small bacteria includes, for example, the host-
associated symbiont Mycoplasma pneumoniae with 0.1 um [29]. Host-associated bacteria have evolved
reduced cell sizes and macromolecular components, and lowered process rates due to the loss of genes
associated with metabolic functions no longer necessary in the cellular environment of the host [30].
The smallest known natural free-living bacteria is Pelagibacter ubique with a size as small as 0.2 um
[31–33] and the largest, recently discovered, is Thiomargarita namibiensis with a size of up to 2 cm (i.e.
2 × 104 µm, [5]). So just in prokaryotes, we have a range of variation in size from 0.1 µm to 2 × 104

µm, i.e. 1 × 10−1 − 2 × 104, 5 orders of magnitude in variation. Otherwise, the smallest single-celled
eukaryote is Ostreococcus tauri with a size of 1 um [34] and among the largest cell eukaryotic cells we
have unicellular eukaryote Valonia ventricosa [35] (reaching up to 5 cm) or Caulerpa taxifolia [36] (up
to 1 m), the ostrich’s oocyte (with a size of 1.8 × 105 µm, 18 cm), and neurons (which can be up to 1
meter of length). Then, from the smallest bacteria to the largest eukaryotic cell, there are 5 orders of
magnitude. This variation is even higher than the variation found in mammals; the smallest mammal is
the Etruscan shrew with a size of 48 mm and the largest is the Blue whale with a size of 3.358× 104 mm,
i.e. 4 orders of magnitude. Also important to mention is that cells have evolved a wide diversity of
shapes [37]. In bacteria for example, three very common recognizable shapes are coccus, bacillus, and
spirillum; in unicellular eukaryotes, there is also a high diversity including shapes such as that found
in the Amoeba, and in differentiated multicellular eukaryotic cells, there is also high specialization
associated to particular shapes such as discoidal (red blood cell), cuboidal (skin), or spherical (ovum).
This huge variation in cell size is associated with variation in the rates of cell processes and the amount
of their components, most of which manifest as size-scaling relationships. A crucial observation that
shows that cell size is constrained by its components and, in turn, determines life-history trait rates
is the experimental transplantation of the first synthetic genome into a cell of Mycoplasma mycoides
[7]. Logically, if genome size determines cell size, we would expect that by adding a small genome
(smaller than the original) into a big cell, the cell would adjust to the genome size. This is exactly what
occurred in this genome transplantation: a genome half the size (531 kb) of the original size (1079 kb)
was transplanted, and not just cell size adjusted to this new genome size, but also other properties,
such as doubling time.

In a study of the scaling of fundamental properties of cells across a broad spectrum of sizes,
i.e., scaling relationships, Delong et al. (2010) found that the scaling relationships for metabolic
rate, maximum growth rate, and production efficiency differed fundamentally between prokaryotes
and unicellular eukaryotes [38]. This opens the question of whether the prevalent mechanisms that
originate this relationship could be different, or at least the parameter values underlying the same
mechanism are different between these two groups. If we want to develop a general theory for the
metabolism and the origin of the different scaling laws in these two groups, we should focus on
commonalities instead of differences. What these two types of cells have in common is that both are
governed by the fundamental laws of thermodynamics and evolution. At the end of this chapter, we
will discuss the properties that a general theory for the origin of scaling in cells should have, and
which could be the shortest path to it. We will focus primarily on scaling in prokaryotic organisms, but
we will also refer to eukaryotes, especially in terms of the different mechanisms that could originate
scaling relationships. How do these scaling relationships, such as metabolic rate or growth rate with
cell volume [38], emerge in terms of mechanisms, and which mathematical principles account for their
deduction? Here we review some examples, models, and outline the challenges in understanding the
origin and consequences of scaling relationships in cells.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2025 doi:10.20944/preprints202507.0976.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0976.v1
http://creativecommons.org/licenses/by/4.0/


4 of 12

Scaling Patterns in Cells
The simplest version of a scaling relationship is a power law, which [16,39–47] describes a pattern

of the form

y = axb (1)

Where y is some organism quantity, a is a normalisation parameter, x is another predictive quantity
of the organism (e.g., body size), and b is the exponent. Both a and b account for the rate of change of y
with respect to x. For example, if x doubles in size and if b < 1, y will increase by less than a factor
of 2, whereas if b = 1 it will double, but if b > 1 it will increase by more than a factor of 2. are Eq. 1
is often written logarithmically as log(y) = log(a) + b log(x), and the parameters fitted using simple
linear regression. Scale invariance or self-similarity refers to the property of a function f (x) that under
re-scalings of the variable x by a factor λ the function does not change; f (λx) = λa f (x), which reveals
a universality.

Often, scaling relationships emerge from relevant principles that conform to complex systems
such as optimization [16,48]. An example of a fundamental example of a scaling relationship applied
to cell biology is the application of conventional Euclidean geometry or dimensional analysis to
determine how the surface area A of cells should scale with cell volume V, assuming the proportions
of the length scales that characterize shape, such as the ratios of the length l1 to the widths of the cells,
do not change in a consistent manner with size–that is, assuming that objects do not get thinner, longer,
flatter, or more spherical with increasing size. This assumption is called isometry, geometric similitude,
or geometric similarity [49]. Under this assumption, A ∝ l2

1 and V ∝ l3
1 , and so A ∝ V2/3. Under this

simple 2/3 surface area scaling law, the volume of a cell should scale as the one-third power of its
length (such as diameter), such that if we double the length, the volume will increase by a factor of
eight. Many other empirical examples exist, and more importantly, theoretical models that explain
their origin. Documenting new scaling relationships presents a frontier that might help us to better
understand, model, and predict microbial ecology, bioengineer cells, and even search for life on other
worlds. Here we review the current state of scaling in cells, covering both what is known and a few
areas of frontier investigation.

In both, unicellular (prokaryotic or eukaryotic), scaling can occur within a population of cells, in
which variation in cell size reflects variation in the cells’ phase within their cell cycle, or different types
of cells in multicellular organisms, versus across species, where the variation in cell size, rates, and
components reflects variation from evolved differences between species. Scaling in cells can include
scaling among rates (Rat)/times (Tim), components (Com), and size (Siz) (see examples in Table 1).
Based on this, it is possible to distinguish six categories of relationships: rates and rates, components
and components, size and size, rates and components, rates and size, and components and size. Some
examples across these categories include the relationships between cell size and growth rate -under
nutrient limitation-also known as “nutrient growth law” [50], cell size and time of initiation of DNA
replication [51], the rate of synthesis of different components—RNA, proteins- during the cell cycle and
growth rate [52]. Relationships between the amount of different cell components and size, such as the
total amount of RNA, proteins, or the amount of DNA (genome size [53]). This category also includes
relationships between cell size and the size of different structures such as organelles (e.g., mitochondria
size and cell size; [54]. Below, we will briefly expand on each of these types of relationships.
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Table 1. Examples of scaling relationships in cells.

Rel. Type Exponent Taxa Ref.

Metabolic rate (W) vs. cell size (g) Rate-Size 1.96 Prok. [38]
Amount of RNA vs. cell growth rate Comp.-Rate NC Prok. [52]
Genome size (bp) vs. cell mass (g) Comp.-Size 0.24 Prok. [44]
Proteome size (um3) vs. cell vol. (um3) Comp.-Size 0.7 Bac. [55]
Ribosomes vol. (um3) vs. cell vol. (um3) Comp.-Size 0.73 Bac. [55]
DNA vs. RNA Comp.-Comp. NC Prok. [52]
Dry weight (fg) vs. volume (um3) Size-Size 0.86 Bac. [56]
(Surface) area (um2) vs. volume (um3) Size-Size 0.66/0.66 Bac. [57]
Carbon content (ug/L) vs. volume (um3) Comp.-Size 0.93 Euk. [58]
Carbon content (pg) vs. volume (um3) Comp.-Size 0.78 Euk. [59]
Dry weight (pg) vs. volume (um3) Size-Size 0.82 Euk. [59]
Protein (pg) vs. volume (um3) Comp.-Size 0.83 Euk. [59]
Lipid (pg) vs. volume (um3) Comp.-Size 0.8 Euk. [59]
Carbohydrate (pg) vs. volume (um3) Comp.-Size 0.93 Euk. [59]
Chemical energy (nJ) vs. volume (um3) Comp.-Size 0.83 Euk. [59]
Sinking speed (m/d) vs. diameter (mm) Rate-Size 0.63 Euk. [60]
Max. growth rate vs. cell mass Rate-Size -0.025 Prok. [61]
Max. growth rate vs. cell mass Rate-Size 0.292 Prok. [38]
Max. growth rate vs. cell mass Rate-Size -0.112 Unicel. Euk. [38]
Carbon production rate vs. cell volume Rate-Size 0.88 Unicel. Euk. [62]
Avg. swimming speed vs. cell volume Rate-Size 0.3 Unicel. Euk. [61]
Sp. Avg.nucleoid area vs. average cell SA Size-Size 0.6 Prok., Euk. [63]
Surface area vs. cell volume Size-Size 0.71 Prok., Euk. [64]
Carbon content (mass) vs. cell volume Comp.-Size 0.84 Prok., Euk. [64]
DNA content vs. cell volume Comp.-Size 0.74 Mul. Euk [64]
Total mitoc. volume vs. cell volume Comp.-Size 1.01 Euk. [65]
N. of 16/18S ribos.gene vs. cell volume Comp.-Size 0.66 Prok., Euk. [66]
N. of ATP synthase complexes vs. cell SA Comp.-Size 1.26 Prok., Euk. [67]

In the table “Comp.” indicates component which is a count or concentration of an object.

The relationship between metabolic rate and cell size, typically the rate of entry of oxygen or
carbon dioxide (depending on the nature of the organism) in units of grams per second and the volume
of a cell, has its mechanistic basis in the fact that volume is related to surface area and the number of
molecules that can entry a cell, everything else being constant (density of channels, outside nutrient
concentration, among others), will depend on the surface area. The rate at which, oxygen, for example,
enters a cell is a direct measure of the rate of the number of other metabolites being transformed such
as glucose, given that during the catabolic process of cellular respiration, glucose, and oxygen react
to yield carbon dioxide and water, C6H12O6 + 6O2 → 6CO2 + 6H2O. The change in concentration
of glucose in the outside medium could also be a measure of metabolic rate. If an organism can
metabolize more substrates, it can also grow faster. So, for example, in heterotrophic prokaryotes, this
scaling has an exponent of > 1, in single-celled heterotrophic eukaryotes it is 1, and in multicellular
eukaryotes, it is < 1 (Wagner et al. 2001, De Long et al. 2010). From that simple logic, many other rates
and quantities follow. If a cell can grow faster, it can synthesize and recycle proteins faster, achieve
maximum size faster, and reproduce earlier. It is worth mentioning that these rates depend on and
interact with environmental conditions such as temperature [68,69].
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Figure 1. Examples of scaling relationship between different cell properties and cell volume. (A) proteine
volume [55], (B) genome volume[55], (C) number if mithocondria [65], and (D) ploidy[66].

Different process rates inside of cells also scale with each other for the same reasons explained
above. For example, protein synthesis scales with growth rate [52]. The relationship between the
amount of different cell components is a remarkable pattern that has been studied both inter-specifically
but also intra-specifically in experiments. A typical bacterium such as E. coli, for example, is composed
mostly of five major biochemical categories of components: proteins, RNA, DNA, membrane compo-
nents (lipids, lipopolysaccharides, peptidoglycan, glycogen), and metabolite components (including
ions and cofactors-inorganic or small organic molecules like ATP that bind enzymes to enable or
enhance their activity[70]). There is evidence that most, if not all, of these quantities at any stage of the
cell cycle scale with cell volume [53]. The amount of each of these components follows approximately
exponential dynamics during the cell cycle on a per capita basis, except for the DNA, which increases
approximately to the double, given that it is duplicated. However, it is important not to forget that the
DNA itself can increase or decrease during the cell cycle, also due to mutations such as duplications,
deletions, or horizontal gene transfer. These mutations can even increase the size by more than double
if we consider a mutation such as a genome duplication and horizontal gene transfer in the same cycle.

There are also relationships between the size of different structures, both internal and external,
such as organelles [54], flagella/cilia [71]. A plausible explanation for the scaling of these structures is
optimization, i.e., the size of those structures must be regulated to minimize or maximize some rate,
such as motility.
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Beyond this empirical evidence, a relevant question is what is the origin of these relationships?
Below we outline some of the theoretical frameworks that explain them.

Models That Predict Scaling Patterns in Cells
The most basic scaling relationships in cells are among structural components. There are predic-

tions for the relationships among length (l/L), (surface) area (a/A), volume (v/V), and mass (m/M)
for a spherical (e.g. coccoid) cell or cells whose shape doesn’t change consistently with size, where
lowercase letters stand for Euclidean and uppercase letters stand for fractal. The predictions for the
scaling of exchange surface areas assuming the optimization of fractal-like internal transportation
networks [72], is

l ∝ a1/3 ∝ v1/4 ∝ m1/4 (2)

This prediction contrasts with the prediction, as described earlier, for external surface areas:

L ∝ A1/2 ∝ V1/3 ∝ M1/3 (3)

It may also be worth noting that there are alternative predictions for the scaling of external and
internal exchange surface areas for cells that change shape with size, have fractal-like external surfaces,
or invariant internal metabolic units, and that these strategies can lead to A ∝ V1, helping cells to
circumvent, at least for some limited size range, quarter-power scaling imposed by transportation
constraints [49,57]. For example, the internalization of ATP-producing membranes via the endosym-
biosis of mitochondria leads to linear surface area scaling of ATP-producing membranes [49,65]. As
long as transport between the mitochondria and the environment is not rate limiting, this provides an
explanation for the observation of linear metabolic scaling in heterotrophic cells [38,65].

A fundamental scaling relationship in cells is metabolic rate and size. This relationship emerges
mechanistically from Fick’s law of diffusion through a spherical surface [20,55],

J = 4πDCir (4)

Where J is flux (of molecules going from the environment to the interior of the cell, i.e., metabolic
flux or rate), π = 3.14, D: is the diffusion constant, R: is the cell radius, and Ci is the internal
concentration. This equation predicts a linear scaling of metabolic rate with cell length. However, we
note that given that r ∝ V, V ∝ m both in non-linear, there should be a non-linear scaling between J
and m, as is shown by empirical data [38] (where the exponent for bacteria is close to 2).

Other models predict, for example, a relationship between cell size (V) and the active ribosome
fraction ((ra/r); [73].

V ∝ (ra/r)(2/3) (5)

Other related growth laws include the ribosomal protein fraction and growth rate [74,75], ϕR =

ϕmin
R + 1

γ λ or δϕR = 1
γ λ.

Challenges and Implications
In the previous sections, we gave some examples of scaling relationships and some of the models

that attempt to explain the origin of some of these relationships. However, here we argue that there is
still a disconnection between different models in cell biology, as most of them just focus on a single or
few relationships, despite the evident connections among cellular processes, from gene expression to
transport of metabolites through membranes. Recently there have been some efforts in connecting the
dots. Rollin et al. [76], for example, claimed to have developed a model based on physical principles
to explain scaling laws in cells. They based on the so-called “Pump and Leak model” to derive the
relationships between cell size, dry mass, and nuclear size, which is a good attempt to connect size,
rates, and components.
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In the spirit of what a unified theory in physics is, it has been defined the concept of an “efficient
theory” [17,77]. Above, we defined theory as a mathematical model based on principles and/or
assumptions that make testable predictions. More than a theory, an efficient theory is based on a
minimal set of assumptions that can make predictions for the largest possible extent of phenomena. An
example in biology is metabolic theory, which is based on three principles of the structure of networks
and the optimization of transport across this network can predict many different scaling relationships
for plant and animal vascular systems [16]. A more general example is the Barabasi-Albert model for
networks [78]. Based on just two assumptions, growth and preferential attachment, this model can
reproduce the approximate structure of networks of protein interactions and the World Wide Web,
among others. A potential unifying principle across systems, and particularly for cells, which might be
invoked to develop a general theory of scaling in cells, is optimization. Cells might optimize multiple
quantities such as energy, metabolic rate, or growth. In addition to being based on first principles,
general theories are expected to be universal. Often this is demonstrated by reexpressing the defining
equations of a theory in a dimensionless form, so they are independent of the units of measurement.
The methodology for non-dimensionalization often can allow collapsing data from different contexts,
which shows that, regarding particular parameter values that can be influenced by other variables, the
general form of the dependence is the same, then the model is universal. Examples in biology for this
include ontogenetic growth [79], temperature-dependence [80], and cell growth [81].

In cell biology, there are recent studies that have attempted to formalize quantitative laws in this
way. For example, the most well-known law in cell biology is Schaeter´s growth [50], which recently
was generalized as the “General Growth Law” in a dimensionless form [81],

V = V02(τcyc/τ) (6)

In Eq. 6, V is cell size, V0 is a constant, τcyc is cell cycle duration, τ is doubling time. This model
derived from first principles was expressed in a dimensionless form, V/V0 = 2(τcyc/τ), giving the
general equation Vs = 2(τs), where Vs =, V/V0 is the dimensionless size and τs = τcyc/τ is the
dimensionless time. This equation makes a data collapse of different curves under different nutrient
limitations. This law, however, is not a power law but is exponential. Many other exponential laws
exist in cell biology, which opens the possibility to derive power laws, as the combination of two
exponential functions gives a power law (see, for example, [82]).

What would a general theory be useful for or what would be its implications and/or applications?
Understanding cell biology on a fundamental quantitative and mechanistic basis would help design
and build artificial cells, or help predict many different quantitative aspects of cancer progression [83].
For example, scaling laws in genomes could be used as a way to check if the minimum amount of
different genomic components conforms to a scaling law. For example, for transcription factors, there
is a well-defined scaling with an exponent of 1.65-1.37 [84]. Another example is using the relationship
between cell volume and genome size [55], it would be possible to predict the volume of a lipid
membrane suitable to contain a genome of a given size [85]. Also, other scaling laws could be used as
a guide to predict the expected amount of protein [86] or RNA[53,87] in a cell.

Concluding Remarks
Cell structure, dynamics, and functions manifest in multiple types of scaling relationships involv-

ing rates, components, and size. Most of these relationships are empirical patterns, but some models
explain their origin from first principles, such as the relationship between metabolic rate and cell size,
which is based on the physical laws of diffusion. Other models in cell biology include models for gene
expression and protein synthesis, enzyme kinetics, cell growth, and fractal geometry, among others.
There have been some attempts to integrate some models to make a unified theory, which is insightful.
However, there is still the challenge of developing a general theory under the concept of an efficient
theory, i.e., based on a minimal set of principles and assumptions, and explaining as many phenomena
as possible for a broad range of scales. Such a theory, should be based on processes that are common
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to all life, such as fractal geometry, diffusion, and gene expression, and use powerful approaches from
physics, engineering, and mathematics to express the model in a dimensionless form, to collapse data
from the smallest prokaryote to the largest multicellular cell. Developing such a theory is relevant not
just to better understand cell processes on a fundamental, mechanistic, and quantitative basis, but also
for many applied purposes. These include the design and build of artificial cells and cancer.
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