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Intracellular positional information is crucial for the precise control of biological phenomena, including cell 
division, polarity, and motility. Intracellular reaction-diffusion (iRD) waves are responsible for regulating 
positional information within cells as morphogens in multicellular tissues. However, iRD waves are explained by 
the coupling of biochemical reactions and molecular diffusion which indicates nonlinear systems under far from 
equilibrium conditions. Because of this complexity, experiments using defined elements rather than living cells 
containing endogenous factors are necessary to elucidate their pattern formation mechanisms. In this review, we 
summarize the effectiveness of artificial cell systems for investigating iRD waves derived from their high 
controllability and ability to emulate cell-size space effects. We describe how artificial cell systems reveal the 
characteristics of iRD waves, including the mechanisms of wave generation, mode selection, and period regulation. 
Furthermore, we introduce remaining open questions and discuss future challenges even in Min waves and in 
applying artificial cell systems to various iRD waves. 
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Introduction  

 
Positional information such as the placement of the head, limbs, and dorsal-ventral axis is crucial for multicellular 

organisms. In 1952, Turing proposed that pattern formation caused by reaction-diffusion (RD) systems was the basis of 
morphogenesis [1], which has been demonstrated experimentally and theoretically over the past several decades [2–4], 
leading biologists and theorists to attract attention to the roles of RD systems in biological processes. In recent years, it 
has been shown that RD systems regulate intracellular positional information. For example, the cell division site [5] and 
cell motility [6–8] are regulated by RD systems that form periodic structures in space and time, even within micrometer-
sized cells. This periodic localization of molecules generated by RD systems, similar to the gradients of morphogens, is 

Intracellular reaction-diffusion (iRD) waves determine positional information within cells. The generation 
mechanism of iRD waves is not fully understood due to the complexity of living cells and iRD waves. Artificial 
cell systems composed of defined factors can overcome this problem. This review introduces previous studies that 
have elucidated the formation and regulatory mechanisms of iRD waves and the effects of cell-size space on iRD 
waves. Applying an artificial cell system to various iRD waves can become a powerful tool for elucidating the 
underlying principles of shaping positional information within cell-size spaces. 

 Significance  
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called intracellular RD (iRD) waves and transduces their positional information to downstream elements. As the 
generation mechanism of iRD waves is based on physics, simple investigation of interactions and reactions among 
molecules is not sufficient; therefore, physical analysis is necessary. 

To date, studies of RD systems have been conducted through experiments using chemical model systems, such as the 
two- or three-dimensional chemical waves in Belousov–Zhabotinsky reactions [9–12] and theoretical analyses based on 
RD equations [13]. Reaction networks including feedback loops cause local chemical reactions against molecules that 
spread throughout space by diffusion. These local reactions at different molecular diffusion speeds generate wave 
structures with periodicities (waves). Although iRD waves have been found in various cell types, understanding their 
formation mechanisms is challenging because knowledge of RD waves in open systems is not necessarily applicable to 
mesoscopic closed spaces, such as cells whose small volume and spatial closure affect the behavior of RD waves [14]. 

In this review, we describe the dynamics of iRD waves and their roles in regulating biological phenomena. Although 
this knowledge has been revealed by using living cells and theoretical models, there are problems, including the 
complexity of cells and the correspondence between experiments and theoretical models. As a tool to overcome these 
problems, we introduce artificial cell systems in which biological phenomena are reconstituted using defined factors. We 
summarize the characteristics of artificial cells and introduce recent achievements to reveal the regulatory mechanism of 
iRD waves using the artificial cell system of Min waves, the only iRD wave reconstituted in artificial cells. Finally, we 
discuss the unsolved questions regarding Min waves and other iRD waves, and the outlook for how they can be addressed 
using artificial cell systems. 
 
Regulation of Biological Phenomena by iRD Waves 
 

In cells that possess the unique geometric properties of micro-size confinement (cell-size space), positional information, 
including the position of cell division [5], direction of movement [6,7], and cell polarity [15] are precisely controlled. iRD 
waves are responsible for spatial control and are utilized in various species from eukaryotic to prokaryotic cells. 
Depending on the reaction network and physicochemical parameters of each RD system, the iRD waves exhibit different 
dynamics, ranging from dynamic to stationary patterns. 

Actin waves are an example of iRD waves. In eukaryotic cells, although actin is known to form dynamic structures 
through its assembly and disassembly, it also self-organizes into iRD waves with periodic structures [16,17]. Actin waves 
are generated on the membrane by actin polymerization promoted by Hem1 and Rho, coupled with F-actin-dependent 
negative feedback [6,18,19] (Figure 1a). Although their biological significance is not completely understood, they are 
involved in controlling cell motility, cell shape deformation, and cytokinesis. Furthermore, in Dictyostelium cells, iRD 
waves of the lipid molecule PIP3 and PIP3 phosphatase (PTEN) are formed through amplification of PIP3 by positive 
feedback and mutual inhibition of PIP3 and PTEN [8,20–22]. PIP3 induces actin polymerization, and actin pushes the cell 
membrane, causing cell deformation and locomotion [7]. Additionally, some bacterial cells determine the cell division 
site at the cell center using the Min wave oscillating between the cell poles [23,24] (Figure 1b). The Min wave is generated 
by a reaction cycle of ATP-dependent membrane binding of the ATPase MinD and its membrane dissociation induced by 
MinE [5,25]. In any iRD wave, individual molecules diffuse freely, and as a population of molecules, behave like 
macroscopic waves (Figure 1b). 

RD systems also form macroscopic stationary patterns, such as Turing patterns. Examples of stationary structures in 
cells include PAR polarity in Caenorhabditis elegans early embryo [15] and cluster formation of Cdc42 in budding yeast 
[26]. In the PAR system, aPAR and pPAR proteins form polarized domains by mutual inhibition and recruitment to the 
cell cortex via positive feedback, which determines cell polarity [15,27–29] (Figure 1c). In budding yeast, a cycle of 
GTPase Cdc42 activation by GEF, recruitment to the membrane by positive feedback, and inactivation by GAP results in 
the formation of an active Cdc42 cluster that recruits the factors necessary for budding [26,30–32] (Figure 1d). It has been 
suggested that these stationary patterns are formed by a Turing-type mechanism consisting of local activation and global 
depletion, which has the same effect as lateral inhibition required for the formation of Turing patterns [31,33]. However, 
as they are affected by advective flow or molecular transport by the cytoskeleton [34,35], a complete scenario as a pure 
RD system remains elusive. 

Although the detailed reaction networks are different in each RD system, iRD waves are formed by nonlinear reactions 
of activators and inhibitors under far-from-equilibrium conditions in various cells. Their inhomogeneous but well-
organized localization and complicated dynamics regulate the positional information for proper biological functions, 
thereby contributing to the maintenance of cell homeostasis. 
 
Investigation of Formation Mechanisms of iRD Waves by Cell Analyses and Theoretical Models 
 

Cellular observation is the most commonly used method to clarify the molecular mechanisms and characteristics of iRD 
waves. Observations of iRD waves in genetically modified cells have revealed a relationship between the wave behavior 
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and molecules of interest. In addition, the measurement of diffusion rates by FRAP [36–38] and in vitro biochemical 
experiments [25,39,40] have also contributed to our understanding of the molecular interactions, reaction rates, and 
diffusion rates involved in the formation of iRD waves. However, it is difficult to interpret the results obtained from in 
vivo analyses accurately because unconsidered factors can affect the results. This black box property makes it challenging 
to identify the minimum factors required for iRD wave formation (Figure 2a). 

One approach to resolve this problem is to reconstitute iRD waves in cells where iRD waves do not normally emerge. 
For example, excitable waves of Rho and F-actin appear in immature Xenopus oocytes that do not naturally show 
excitability when Ect2 and RGA-3/4 are exogenously expressed [19]. This reconstitution of actin waves in cells 
experimentally demonstrates that the expressed factors are sufficient for wave generation. In addition, PAR polarity in 
cells have been reconstituted by expressing PAR proteins in unpolarized human  [41] or yeast cells [42] and by controlling 
the localization of PAR proteins using cap formation by designed clustering proteins [43]. These studies have led to the 
elucidation of the role of molecules of interest in pattern formation and how molecules interact each other for self-
organization. 

In parallel with the cell observations, theoretical analyses have been conducted to reveal the iRD wave mechanisms 
(Figure 2b). These studies were based on the fact that spatiotemporal patterns can be described using RD equations. Using 
RD equations based on the molecular mechanisms revealed by in vivo cell analysis, which are composed of activation, 
inhibition, positive feedback, and negative feedback, it has been investigated whether intracellular patterns could be 
explained by the RD model [18,31,44–48]. Moreover, structure of reaction network and reaction kinetics were adjusted 

Figure 1  Various intracellular reaction-diffusion (iRD) waves. (a)-(d) iRD waves in vivo and schematic 
representation of their reaction network and function as a regulator of biological phenomena are shown. Blue arrows 
indicate activation, recruitment, or positive feedback, and red arrows indicate inhibition or negative feedback. (a) 
Hem1 waves, which promote actin polymerization in human cell (left) [6], and actin waves generated by interaction 
with Rho in a starfish oocyte (right) [19]. The human cell is 10–20 µm in length, and the starfish oocyte is about 100 
µm. (b) Time-lapse images of Min wave in Escherichia coli (2–3 µm in length) oscillating between cell poles (left) 
[23]. Times are indicated in sec for the pictures. Schematic of the mechanism of iRD wave generation using Min 
wave as a model are shown (right). (c) Polarized localization of mCherry::PAR-6 (one of aPAR proteins) and 
GFP::PAR-2 (one of pPAR proteins) in Caenorhabditis elegans zygotes (~50 µm in length) [29]. aPAR (pPAR) 
domain determines anterior (posterior) of zygotes. (d) Localization of GTP-Cdc42 (green) and septin ring (red) in 
budding yeast (5–10 µm in length) [32]. A microscopic image of Hem1waves in (a) is reproduced from Ref. [6] 
(open access article) under CC BY license. A microscopic image of actin waves in (a) is reproduced from Ref. [19] 
(open access article) under CC BY license. Microscopic images of Min waves in (b) are reproduced from Ref. [23]. 
Copyright (1999) National Academy of Sciences. A microscopic images of a C. elegans zygote is reproduced with 
permission from Ref. [29]. Copyright (2010) The Company of Biologists. A microscopic image of budding yeast is 
reproduced from Ref. [32] (open access article) under CC BY-NC-SA license. 
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to correspond to in vivo experiments, and it has been examined whether the same behavior of patterns as in vivo can be 
recapitulated by theoretical models [19,34,49–51]. Through these analyses, the theoretical validity of the reaction network 
revealed by cell observations was verified. 

As described above, studies on iRD waves have been conducted by combining in vivo and theoretical analyses that 
consider iRD waves as biological and physical phenomena, respectively. However, it is difficult to isolate RD systems 
from other regulatory systems, such as molecular transport by the cytoskeleton and cytoplasmic flows even in the case of 
the reconstitution of iRD waves in cells, because the influence of endogenous factors cannot be eliminated and because 
the effects of downstream effectors cannot be distinguished from the molecules of interest (Figure 2a). Moreover, 
mechanical stimuli due to cytoplasmic flow [52] and geometric changes [53,54] can affect waves. Competition for 
common resources, such as ATP and cell membranes, also affects the dynamics of biological reaction networks, which 
may vary wave behaviors that are sensitive to parameter changes [55–57]. Thus, the results of the cell experiments do not 
directly correlate with the theoretical analysis, and they are not sufficient to elucidate the mechanism of iRD waves. 

 
Understanding the Characteristics of Biological Phenomena Using Artificial Cell Systems 

 
The characteristics and mechanisms of biological phenomena can be interpreted more clearly using artificial cells that 

encapsulate biomolecules within cell-like structures covered by lipid membranes, such as W/O emulsions and liposomes 
[58] (Figure 2c). W/O emulsions, water microdroplets covered with a lipid monolayer, are very stable and easy to prepare. 
Therefore, they are a good material for investigating the cell-size space effect discussed below. Liposomes, 
compartmentalized vesicles formed by lipid bilayers, are closer to those of living organisms than W/O emulsions. 
However, due to the preparation method and their stability, the contents and lipids cannot always be freely adjusted, and 
there is considerable variation between liposomes, making systematic physical analysis challenging. Because artificial 
cells enable to encapsulate elements at precise concentrations under controlled physicochemical environments, roles of 
the molecule of interest and effects of physicochemical parameters can be verified directly [59]. Although there are also 

Figure 2  Schematic illustrating comparison of methods of investigating intracellular reaction-diffusion (iRD) waves. 
(a) In vivo analyses include influences of interactions with endogenous factors (grey arrows) and physical stimuli 
such as cytoplasmic flow (red arrows). (b) iRD waves can be described by RD equations characterized by network 
structure, reaction kinetics, and diffusion coefficients. (c) In vitro reconstitution of iRD waves is classified into open 
systems and artificial cell systems. While both systems consist of defined factors, there are differences in system size 
and whether they are closed space or not. (d) Characteristics of artificial cells and their effects on iRD waves. Spatial 
closure, small volume, and large surface-area-to-volume (S/V) ratio of cell-size space affect periodicity of iRD waves, 
fluctuation of molecule concentration, and surface effect on molecules, respectively. Due to defined components, 
effects of element concentrations and parameters on iRD waves can be investigated.  
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open systems, such as tube reactions and planar lipid membranes with bulk, as reconstitution systems, the phenomena 
exhibited in artificial cells reflect effects specific to cell-size spaces, such as confinement in micro-size spaces, finite 
element characteristics, and strong surface effects due to the large surface-area-to-volume ratio [60] (Figure 2d). Therefore, 
this simplified experimental system can clarify the mechanisms, even if the system that belongs to nonlinear physics in 
cell-size spaces that are too complicated to understand by in vivo and theoretical analyses. 

A notable example of a biophysical study using artificial cells is the analysis of self-organized actin structures. Artificial 
cells encapsulating purified proteins such as actin, Arp2/3, and myosin, with or without cell extracts, have revealed events 
spontaneously driven by actin, such as the formation of actin ring structures [61], induction of droplet motility by 
membrane localization of actin and adhesion of droplets to the substrate [62], regulation of actomyosin structure by 
balancing its contractile force and surface interaction [63], and spontaneous symmetry breaking of actomyosin in the cell-
size space [64]. Previous studies using artificial cells have also elucidated phenomena specific to cell-size spaces, such as 
the generation of a vortex flow of microtubules and kinesin owing to the mechanical action of the surface [65], the 
importance of molecular crowding on the membrane for the deformation of artificial cells owing to the polymerization of 
the bacterial cytoskeleton MreB [66], and the mechanism of the scaling of spindle size in droplets containing cell extracts 
of Xenopus eggs [67,68].  

These practical examples demonstrate the unique characteristics of artificial cells, such as the ability to observe the early 
stages of phenomena, make corresponding observed phenomena and element concentrations, and verify surface effects. 
These advantages enable the understanding of complex biological phenomena from a physical perspective. Artificial cell 
systems can also offer breakthroughs in elucidating the mechanism of iRD wave formation because RD systems are highly 
sensitive to parameters and are influenced by confinement effects and geometric shapes (Figure 2d). For example, a strong 
surface effect due to small space [60] is a critical factor that changes the behavior of iRD waves generated on the cell 
membrane. Because this small volume also limits the number of molecules, asymmetric molecular localization causes the 
depletion of molecules in some areas. Moreover, the periodicity of space itself may affect the periodicity of the iRD waves. 
The usefulness of artificial cells shown from these points is evident from previous studies of Min waves, which have been 
analyzed both in vivo and in vitro. 

 
Characteristics of Min Waves Revealed by Artificial Cell Studies 

 
The Min wave is the only iRD wave that has been successfully reconstituted in the artificial cells. The generation of 

Min waves requires two proteins (MinD and MinE), ATP, and a lipid membrane [69]. The core molecular mechanisms of 
MinDE were elucidated through cellular observations and biochemical analyses [5]. The oscillation of the Min wave 
between cell poles is generated by Min proteins repeating the ATP-dependent membrane binding of MinD, the formation 
of the MinDE complex on the membrane, the induction of MinD ATPase activity by MinE, the hydrolysis of ATP by 
MinD, and dissociation from the membrane as ADP-bound MinD [5] (Figure 1b). The addition of MinDE and ATP to a 
2D planar lipid membrane generated Min waves, demonstrating that these elements are the minimum factors required for 
Min wave generation [69]. 

The reconstitution of Min waves on lipid planar membranes revealed significant differences in the properties of Min 
waves between in vivo and open systems, highlighting the necessity for in vitro experiments in cell-size spaces. For 
instance, on planar lipid membranes, Min waves exhibit traveling waves rather than the standing waves observed in living 
cells, with a wavelength approximately 10 times larger than those in vivo [69,70]. In addition, standing waves are 
generated only under specific conditions using a MinD mutant with enhanced membrane binding [71], indicating that the 
conditions required for the generation of standing waves differ between open systems and cell-size spaces.   

Furthermore, cell-size spaces have different effects on RD systems from open systems, as evidenced by the following 
examples: standing waves appeared in chambers of similar size to living cells covered with planar lipid membranes [72], 
wave modes and wavelengths changed depending on the surface-area-to-volume ratio in open systems [73], and wave 
behaviors and axial direction were regulated by space size and shape in E. coli cells whose shapes were variously 
manipulated [54,74]. Therefore, it is crucial to obtain more detailed information using artificial cell systems with precise 
control over their physicochemical parameters and geometric characteristics. 

Approximately 10 years after Min wave reconstitution on planar lipid membranes [69], it was reported that Min waves 
had also been reconstituted in artificial cells. By encapsulating purified MinD, MinE, and ATP in lipid-covered 
microdroplets or liposomes, a single Min wave similar to that in living cells, and not multiple waves, was observed [75–
77]. Notably, the stable generation of Min waves in artificial cells formed by E. coli polar lipids requires the addition of 
a high concentration of BSA (10–100 mg/mL) to mimic molecular crowding in cells [77]. Min waves have also been 
found to be highly sensitive to parameter changes; therefore, they only appear under limited MinDE concentrations [78]. 
Min waves were generated by expressing MinDE using a cell-free protein expression system (PURE system) in artificial 
cells, and the generation and disappearance of Min waves were controlled by changing MinDE concentrations within the 
same artificial cell [79]. 

e210022_5



iRD waves are nonlinear and far from equilibrium in mesoscopic spaces, making it challenging to understand their 
principles. However, experiments using artificial cells with defined factors have elucidated the reason for the difference 
in wave generation conditions between cell-size spaces and open systems. In artificial cells, a high concentration of BSA 
is required for Min wave generation to suppress nonspecific adsorption of MinE to the membrane by competitive 
membrane binding (multimolecular competition) [56]. That is, BSA plays a role in modulating the surface effect and 
ensuring proper molecular placement, similar to that in living cells (Figure 3a). This difference was due to the large 
surface-area-to-volume ratio of the cell-size space. This highlights that in cell-size spaces, not only the essential elements 
for Min wave generation but also the exogenous elements that tune the surface effect are crucial for wave generation. 

Moreover, the high controllability of artificial cells has contributed to the clarification of the formation and regulatory 
mechanisms of Min waves. For instance, although the MinE mutants which show a different conformational equilibrium 
from the wild-type cannot generate Min waves in living cells, they can generate Min waves in artificial cells, depending 
on their concentration [78] (Figure 3b). Thus, the reaction rates determined by the elemental concentrations and reaction 
constants are critical for wave generation. Such extensive verification of the mutant concentrations is difficult without the 
use of artificial cells. 

The mechanism of the mode selection of Min waves, a long-standing issue in this field, has also been elucidated using 
an artificial cell system. In the case of equimolar MinDE, the Min waves mainly show a traveling wave, not a standing 
wave [77], although the standing wave is necessary to determine the cell division site in living cells. By controlling MinDE 
concentrations and reaction constants, it was found that standing waves increased when the membrane dissociation of 
MinD, or the effect of MinE, was relatively dominant over MinD membrane binding [80] (Figure 3c). Since no waves 
were generated when the effect of either MinD or MinE was extremely strong, an exquisite balance determined the mode. 
This mechanism can be generalized as the mode selection mechanism of iRD waves by the activator-inhibitor balance. 
Such precise parameter adjustments allow a clear understanding of nonlinear iRD waves under far from equilibrium 
conditions.  

Artificial cells offer the advantage of eliminating factors that are essential for cell survival. In particular, ATP, an energy 
source for various iRD waves, including Min waves, is involved in many biological phenomena, and the effects of ATP 
can only be examined in vitro. It was found that Min waves could also be generated using deoxyATP (dATP) as an energy 
source and that Min waves generated by dATP were twice as fast as those generated by ATP (Figure 3d). Furthermore, 

Figure 3  Formation and regulation mechanisms of Min waves revealed by artificial cell system. (a) Relationship 
between MinE localization in the absence of MinD and Min wave generation. Cytosolic localization of MinE by 
multimolecular competition (M. C.) is necessary to generate Min wave in cell-size space covered with physiological 
lipids. (b) Schematic representation of difference in concentration ranges for Min wave generation between wild-type 
and MinE mutants. Although Min wave is not generated by MinE mutants under physiological concentrations in vivo, 
artificial cells enable verification in a wide range of concentration. (c) The mode selection mechanism of Min waves. 
Balance between MinD (activator) and MinE (inhibitor) determines MinD dynamics: membrane localization (no 
wave), traveling wave, standing wave, and cytosolic localization (no wave). (d) Difference in Min wave dynamics 
between ATP and deoxyATP (dATP). Min wave generated by dATP is faster than that by ATP. 

Biophysics and Physicobiology Vol. 21

e210022_6



 
 
 

Takada and Fujiwara: Artificial cell system for iRD waves 

 

     
   

      
mixing ATP and dATP allows linear control of the wave period depending on the mixing ratio [81]. This phenomenon is 
impossible to observe in living cells, where ATP is 100 times more abundant than dATP. Altogether, these results illustrate 
that customizing the reconstitution conditions in artificial cells can clarify the formation and regulation mechanisms of 
Min waves, such as the influence of mutants, the wave mode selection mechanism, and the influence of energy molecules. 

 
Perspectives for Future Challenges to Reveal Formation Mechanisms of iRD Waves 
 

Previous studies have elucidated the mechanisms of wave formation, such as the mode selection and the influence of 
energy molecules on the dissipation process, using Min waves reconstituted in artificial cells [80,81]. However, some 
aspects remain unclear, including the mechanism of adaptation of the wave period, wavelength, and wave shape to spatial 
size changes, which is crucial for determining the cell division plane in living cells. Furthermore, the application of 
artificial cells to various iRD waves is required to understand iRD waves other than Min waves from a physical perspective. 

To control the position of cell division, the Min wave must dwell at each cell pole for an appropriate amount of time. 
Although Min waves with a period of 40–120 s properly determine the cell division site [23,70], a Min wave with a longer 
period (230 s) has been reported to impede normal cell division [23], and a Min wave with a shorter period is assumed to 
be insufficient to prevent cell division. Although the period of the Min wave can be controlled by energy molecules [81], 
its precise mechanism remains unclear (Figure 4a). Therefore, it is necessary to elucidate the regulatory mechanism of the 
wave period by analyzing the effects of protein concentration, reaction parameters, and spatial size in future studies. 

The mechanism for determining the wavelength of a Min wave is also a long-standing problem. The wavelength of Min 
waves is approximately 10 μm in filamentous living cells [23], and normal cells (2–5 µm in length) are smaller than this 
length. In contrast, on lipid membranes in open systems, the wavelength of Min waves (30–100 µm in length) is 
approximately 10 times larger than in vivo [69,72,82]. In addition, artificial cells with a single Min wave have a 
circumference of about 60 μm. This suggests that the wavelength of the in vitro Min wave is much larger than in vivo 
(Figure 4a). Previous studies with experiments in open systems have shown that the wavelength changes depending on 
molecular crowding [83], ionic conditions [84], and the surface-area-to-volume ratio [73]. However, it is unclear how a 
single wave with short wavelength (~10 µm) forms in living cells. Therefore, verification by using artificial cells is 
necessary to mimic the geometric properties of living cells. 

Figure 4  Major questions about intracellular reaction-diffusion (iRD) waves. (a) Regulation mechanism of Min wave 
period and wavelength is still elusive (left). Regarding wavelength, it is not clear how Min waves which show large 
wavelength (~100 µm) in vitro are confined in small living cells (2–5 µm) and adjust their properties to each cell size 
(right). (b) Reconstitution of iRD waves other than Min waves in artificial cells will reveal their formation mechanism. 
(c) Conditions for generation of Turing-type stationary patterns are still elusive. Using artificial cell systems, whether 
dynamic iRD waves can be converted to stationary patterns can be investigated.  
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Because the period, wavelength, and wave shape of iRD waves change nonlinearly with parameter changes, it is difficult 
to predict their behavior. Despite the nonlinearity, surprisingly, the period of the Min wave remains almost constant as 
the cell grows and changes in size [14]. However, the wave number does not change, and the coverage area of the waves 
on the membrane increases as the cells grow [14]. Therefore, the wavelength and wave shape are likely to vary depending 
on the cell size. These results suggest that iRD waves have some type of control system to adapt their properties to changes 
in spatial size. Because the wavelength of iRD waves is comparable to the spatial size, and the wave number is discretized, 
unlike RD systems in open systems, neither the mechanism of how waves adapt to spatial size changes nor the responses 
of waves have been examined. Verification of this wave adaptation is expected to be achieved by utilizing the easy 
preparation of artificial cells of various sizes. 

Currently, only Min waves can be used to verify iRD waves in artificial cells. The knowledge obtained from artificial 
cell systems of Min waves can potentially be applied to other iRD waves, as a phenomenon similar to mode selection by 
the activator-inhibitor balance has been reported in PIP3/PTEN waves in Dictyostelium cells [49]. However, to understand 
individual iRD waves, it is necessary to construct artificial cell systems for each RD system (Figure 4b). These 
achievements enable a wide range of developments in understanding the principles of iRD waves, such as the elucidation 
of more detailed molecular mechanisms, mechanical forces generated by iRD waves, and the dynamics of coupling with 
downstream events. This will also allow for the investigation of the differences and similarities between the formation 
mechanisms of each iRD wave. Furthermore, there are no examples of Turing-type stationary patterns, such as PAR 
systems and Cdc42 clusters, formed in artificial cells using biomolecules. Therefore, it has not been experimentally 
demonstrated whether these pattern formations are derived from the Turing-type mechanism and whether dynamic iRD 
waves can be converted to stationary iRD waves in cell-size spaces (Figure 4c). In the future, the reconstitution of iRD 
waves other than Min waves and the creation of Turing patterns in artificial cells will contribute to the general 
understanding of iRD waves and the spatiotemporal regulation of cells. 
 
Conclusion 
 

Various cells use iRD waves to determine positional information, and spatiotemporal patterns are crucial for 
understanding fundamental biological phenomena such as cell division and polarity formation. iRD waves exhibit various 
dynamics depending on the structure of the reaction network. Because iRD waves are nonlinear systems under far from 
equilibrium conditions, it is difficult to understand their formation mechanism. The artificial cell system of Min waves, 
which is the only iRD wave reconstituted using purified proteins, allows for experiments under specific conditions that 
cannot be tested in living cells. This system enables the precise adjustment of protein concentrations and regulation of 
reaction parameters. These advantages have contributed to the clarification of the influence of protein conformation on 
wave generation, the regulatory mechanism of wave modes, and the influence of energy molecules. Because the 
composition of the elements in artificial cells is completely defined, the wave behaviors exhibited in artificial cells can 
easily correspond to theoretical models, providing valuable insights from both experimental and theoretical analyses. In 
the future, artificial cell systems are expected to be used to characterize wave period, wavelength, and shape, which are 
important for Min waves to function properly in living cells. Furthermore, reconstitution of other iRD waves is necessary 
to understand the regulatory mechanisms of individual iRD waves. Artificial cell systems are expected to bridge the gap 
between the knowledge of RD systems in open systems and insights obtained from in vivo experiments, leading to highly 
accurate verification from a physical perspective in various iRD waves. 
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