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Cells constantly encounter a wide range of environmental signals and rely on their
signaling pathways to initiate reliable responses. Understanding the underlying
signaling mechanisms and cellular behaviors requires signal generators capable of
providing diverse input signals to deliver to cell systems. Current research efforts
are primarily focused on exploring cellular responses to global or local signals,
which enable us to understand cellular signaling and behavior in distinct
dimensions. This review presents recent advancements in global and local
signal generators, highlighting their applications in studying temporal and
spatial signaling activity. Global signals can be generated using microfluidic or
photochemical approaches. Local signal sources can be created using living or
artificial cells in combination with different control methods. We also address the
strengths and limitations of each signal generator type, discussing challenges and
potential extensions for future research. These approaches are expected to
continue to facilitate on-going research to discover novel and intriguing
cellular signaling mechanisms.

KEYWORDS

signal generator, microfluidics, signaling dynamics, single cells, cellular communication

Introduction

Cells possess the remarkable capability to perceive and respond to a wide array of time-varying
signals from their environment. This ability stems from a diverse functional repertoire of genes,
proteins, andmetabolites that interact in response to various external physical cues, such as matrix
stiffness (Discher et al., 2005) and fluid shear stress (Chen et al., 2019), as well as biochemical cues,
including growth factors (Leof, 2000), cytokines (O’Shea andMurray, 2008), and surface chemistry
(Mrksich, 2000). Through intricate signaling networks, individual cells are capable of responding to
a wide range of extracellular signals (Osborn and Olefsky, 2012), allowing them to regulate and
execute numerous functions in a coordinated manner (Serafini et al., 2015). Cells have evolved
sophisticated signaling mechanisms to effectively interpret and translate stimulus-specific
information into phenotypic responses, leading to changes in gene and protein expressions
(Purvis and Lahav, 2013). These signaling networks often convey diverse signal inputs arising from
ligand-receptor interactions, resulting in heterogeneous outputs (Spiller et al., 2010).

The majority of studies in the field of cell signaling can be broadly categorized into two
scenarios: 1) homocellular signaling, which involves signal transduction within identical cell
types (monoculture), and 2) heterocellular signaling, which describes signal transmission
between two distinct cell types (coculture). In the case of homocellular signaling
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(Figure 1Aa), a population of identical cells receives an external
input from the environment. This global input signal is then
processed and interpreted by activating genetically encoded
signaling pathways, such as extracellular signal-regulated kinase
(ERK) (Lavoie et al., 2020), nuclear factor-kappa B (NF-κB)
(Dorrington and Fraser, 2019) and signal transducer and
activator of transcription (STAT) (Villarino et al., 2017), leading
to an appropriate response (output) induced by the responding cells.
In the context of heterocellular signaling (Figure 1Ab), one
subpopulation (cell type A) initiates the first response by
converting the original environmental input into a signaling
mediator. This mediator is then secreted and released to the
extracellular space, serving as a local input. The neighboring
heterotypic cells (cell type B) receive and transmit the local input
signal through internal signaling pathways, ultimately producing a
final output. Understanding these signal flows is crucial for
unraveling essential biological processes such as cell growth and

proliferation (Zhu and Thompson, 2019), immune responses
(Brubaker et al., 2015), tumor progression (Yuan et al., 2016),
and wound healing (Dekoninck and Blanpain, 2019).

Furthermore, the microenvironment within the body is subject
to rapidly changes influenced by various signaling processes. The
presence of transient gradients of signaling molecules facilitates
cellular communication and regulates cellular functions. For
instance, gonadotropin-releasing hormone (GnRH) is secreted in
short pulses, activating the synthesis and release of pituitary
gonadotropin hormones, thereby regulating reproductive
functions (Moenter et al., 1992). Pulsatile flow of ERK signaling
at different frequencies plays a crucial role in regulating fundamental
cellular processes, including proliferation, differentiation, and cell
cycle progression (Sun et al., 2015). A pulsed, strong
lipopolysaccharide (LPS) signal triggers rapid and uniform
nuclear factor-κB (NF-κB) responses in fibroblasts, while a weak,
sustained signal results in varied responses (Kellogg et al., 2015). The

FIGURE 1
Exploring cellular signaling dynamics in response to global and local inputs can involve the use of various signal generators (A) a) Environmental
inputs like cytokines are sensed and processed by a group of cells, and then are transformed into an output (e.g., signaling factor activity) b) One cell type
(cell A, e.g., macrophage) discerned a global input like bacterial stimuli, and then generated a local input that can be detected by the cocultured neighbors
(cell B, e.g., fibroblast) and is thus transformed into a final output Adapted from (Yang et al., 2022) Copyright 2022 CC BY 4.0. (B) Temporal input
modes observed in biological systems. Input mode/type refers to how signal molecules are applied to cells. (C) Engineering global signal generators,
including a) a microfluidic system and b) photoactivatable signaling molecules and local generators such as c) a living/artificial cell.
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dynamic patterns of signaling molecules encompass pulse,
continuous, ramp and combined input signals (Figure 1B).

It is widely recognized that dynamic signal processing are
ubiquitous in cellular systems. However, understanding how cells
interpret these input signals can be challenging. This challenge arises
because population-level measurements often mask the
heterogeneous behavior exhibited by individual cells, and
conventional methods often lack the ability to generate various
types of targeted perturbations other than continuous inputs in
signaling pathways, for example, signal molecules simply added in
well plates continuously stimulate cells. Moreover, observing cellular
events in multiple contexts is essential for multi-dimensional
understanding of signaling process, as evident in the distinct
cellular responses to global and local inputs (Yang et al., 2022).
Consequently, there is a growing demand for the development of
specific signal generators that enable precise control over defined
input modes, thereby allowing investigations into temporal and
spatial dynamics of cellular signaling. In this review, we will
highlight various signal generators that have been realized using
microfluidic systems (Figure 1Ca), photoactivatable signaling
molecules (Figure 1Cb), and living/artificial cells (Figure 1Cc) for
global or local input control. Furthermore, we will discuss the
advantages and limitations of these signal generators and provide
insights for their future development.

Global signal generators for temporal
cellular signaling dynamics

Global signal generators provide uniform inputs that allow for
the study of both population-averaged and single-cell responses.
Currently, the primary methods employed for generating global
inputs include microfluidic molecule delivery and the
photodeprotection of caged input molecules. Microfluidic systems
can provide a wide range of input modes, such as pulse (Blazek et al.,
2015; Ryu et al., 2015), continuous (Dettinger et al., 2018; Mudla
et al., 2020), sinusoidal (Piehler et al., 2017) and ramping (Song et al.,
2018; Mokashi et al., 2019). On the other hand, the range of input
types is relatively limited when utilizing photochemical methods
(Ryu et al., 2014; Mogaki et al., 2019). In this section, we will discuss
the principles of these two methods and explore their applications.

Global input generation with microfluidics

In the past decade, microfluidics has made remarkable
advancements in exploring temporal cellular behaviors (Irimia,
2010; Gao et al., 2012; Kim et al., 2014; Sinha et al., 2018).
Microfluidic devices can replicate in vivo biological environments
with great accuracy and enable high-content analysis of cells.

TABLE 1 Summary of microfluidics-based global signal generators for cellular signaling studies.

Cell type Input molecule Input type Application Reference

NIH3T3 fibroblast TNFα Pulse, continuous Nuclear NF-κB dynamics Tay et al. (2010)

NIH3T3 fibroblast, mouse
embryonic fibroblast

platelet-derived growth factor
(PDGF)

Pulse Phosphorylation kinetics of Akt, GSK-3β,
p70S6K, S6, Erk1/2, and mTOR

Blazek et al.
(2013)

NIH3T3 fibroblast PDGF, insulin-like growth factor
(IGF-1)

Pulse Phosphorylation kinetics of PDGF and IGF-1
receptors, Akt and GSK-3β

Blazek et al.
(2015)

NIH3T3 fibroblast Lipopolysaccharide (LPS) Pulse, continuous Nuclear NF-κB dynamics Kellogg et al.
(2015)

PC 12 cell Epidermal (EGF), nerve (NGF)
growth factor

Pulse, continuous Nuclear ERK dynamics Ryu et al. (2015)

RAW 264.7 macrophage LPS Pulse, continuous Nuclear NF-κB dynamics, TNF-α secretion
dynamics

Junkin et al.
(2016)

NIH3T3 fibroblast TNFα Sine-wave, linear ramping Nuclear NF-κB dynamics Piehler et al.
(2017)

HEK293 B5, NIH3T3 cell EGF Pulse, linear stepwise
ramping

Nuclear ERK dynamics Song et al. (2018)

Murine hematopoietic stem and
progenitor cells

Macrophage colony-stimulating
factor (M-CSF)

Continuous Lysozyme M (LysM) gene induction Dettinger et al.
(2018)

PC 12 cell EGF, NGF, fibroblast GF (FGF2) Pulse, continuous Nuclear ERK dynamics Blum et al. (2019)

HeLa cells TNFα Continuous, linear ramping Nuclear NF-κB dynamics Mokashi et al.
(2019)

HeLa cells IFNα Pulse, continuous IRF9 dynamics, nuclear STAT1 dynamics Mudla et al.
(2020)

NIH3T3 fibroblast TNF, interleukin 1β (IL-1β) Step, linear/exponential
stepwise ramping

Nuclear NF-κB dynamics Son et al. (2021)

K562 cell, NIH3T3 fibroblast Dimethyl sulfoxide (DMSO), IFNγ Pulse, continuous Caspase 3 dynamics, nuclear STAT1 dynamics Sinha et al. (2022)

NIH3T3 fibroblast IFNγ Pulse, continuous Nuclear STAT1/2 dynamics Yang et al. (2022)

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Yang and Tel 10.3389/fbioe.2023.1239026

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1239026


Microfluidics technology offers precise automation and control of
analytical functions, enabling high-resolution manipulation of cells
and their microenvironments. With these properties, we can
modulate cellular signaling pathways to gain insights into
mechanisms underlying cell activation, migration, and
intercellular communication. Recent studies investigating
temporal signaling dynamics using microfluidics-based global
input generators are summarized in Table 1.

A typical microfluidic platform for studying cellular signaling
consists of a microfluidic device, a custom software control system, a
pressure pump, solenoid valves, and a live-cell imaging microscope
(Figure 2Aa) (Yang et al., 2022). The low cost and biocompatibility
of polydimethylsiloxane (PDMS) make it ideal for rapid fabrication
of microfluidic devices using soft lithography, which has led to the
development of various microfluidic designs (Sia and Whitesides,
2003). PDMS is permeable to gases, allowing replication of artificial

FIGURE 2
Microfluidic-based global signal generators for studying temporal cellular signaling dynamics (A) Amicrofluidic system capable of producing a pulse
or continuous input to cells. a) The entire system. The delivery of defined input types are controlled by a pressure pump and solenoid valves. Outputs are
acquired via time-lapse live-cell microscopy. b) Theworkflow tomeasure transcription factor activity in adherent cells expressing fluorescence reporters.
c) One-pulse and continuous input profiles. d) The multilayer microfluidic device with control layer in red (e.g., microvalves) and flow layer in blue
(e.g., cell chambers). Adapted from (Yang et al., 2022) Copyright 2022 CC BY 4.0. (B) A PDMS signal generator capable of producing sinusoidal inputs. a)
Design of the signal generator module; control layer in yellow, flow layer in blue and red. b) The injector junction with triangular converging valves v1v8 in
the multilayer microfluidic device. c) The operating signal generator involves mixing fluorescent dye solutions of different concentration (c1c8).
Reproducedwith permission from Piehler et al. (2017). Copyright 2017 The Royal Society of Chemistry. (C) A gravity pump-integratedmicrofluidic system
that enables analog control of input strength. a) Top view of the dynamic stimulation device. b) Flow rates through the inlets (I1, I2 and I3) are controlled by
hydrostatic pressure differences between corresponding reservoirs (R1, R2, and R3) and the outlet. c) The “gravity pump” comprises eight vertically
mounted stepper motors with screw-nut platforms and an Arduino microcontroller to control platform heights. Adapted from (Mokashi et al., 2019)
Copyright 2019 CC BY 4.0.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Yang and Tel 10.3389/fbioe.2023.1239026

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1239026


cellular microenvironments in vitro, and its flexibility enables easy
integration of membrane valves and pumps to create intricate
networks of microchannels (Thorsen et al., 2002). This enables
full automation of protocols using programming software (White
and Streets, 2018; Kehl et al., 2021). The PDMS microfluidic device
consists of a bottom flow layer for sample loading and a top control
layer for valve actuation (Figure 2Ad). The membrane valves can be
pneumatically/hydraulically actuated using a pressure pump and
solenoid valves (Brower et al., 2018; Watson and Senyo, 2019). This
precise control allows for cell seeding, medium exchange and input
delivery for studying cellular signaling (Figure 2Ab).

Various input profiles can be defined and implemented with high
precision (Table 1). Different input types can be achieved by
controlling input amplitude and duration through opening and
closing the embedded membrane valves (the layer in red in
Figure 2Ad). The typical input modes of cytokine interferon
γ (IFNγ), such as pulse and continuous (Figure 2Ac), were applied
to perturb the activity of transcription factor STAT1 in single
fibroblasts or populations (Yang et al., 2022). Distinct
STAT1 activation dynamics were observed between one-pulse and
continuous IFNγ treatment. This indicates that STAT1 activation can
be temporally modulated by introducing different temporal
stimulation profiles. Another transcription factor, NF-κB, displayed
activation and oscillation dynamics when subjected to a continuous
cytokine input of tumor necrosis factor a (TNFα). Applying a stepwise
ramping input of TNFα or interleukine-1β (IL-1β) to fibroblasts
revealed that the activity of the NF-κB signaling pathway
correlated with the rate of change in cytokine concentrations
rather than the absolute cytokine concentrations. In addition, the
implementation of sinusoidal inputs was realized using a multiple-
layer PDMS device with eight triangular converging valves (Figure
2B). Fibroblasts stimulated with sinusoidal TNF inputs showed
characteristic NF-κB nucleocytoplasmic oscillations with great
heterogeneity in single-cell responses (Piehler et al., 2017). While
the duration and amplitude of inputs can be readily controlled in
membrane valve-embedded PDMS microfluidic devices,
implementing ramping analog inputs (Song et al., 2018; Son et al.,
2021) in the PDMS devices presents a challenge. Recently, a gravity-
driven flow has been achieved in a microfluidic device with high-
aspect-ratio channels controlled by a gravity pump (Figure 2C)
(Mokashi et al., 2019). This fully analog system is capable of
producing arbitrarily complex patterns of input signals. Ramping
input of TNFα led to increased NF-κB dynamics in a fraction of cells
compared to those showing qualitatively different NF-kB responses to
continuous stimulation. These observations demonstrate the ability of
microfluidic systems to create various defined input types that can
induce distinct cellular responses, which is crucial for discovering
underlying mechanisms of temporal cellular signaling.

Microfluidic devices integrated with cell traps have significantly
advanced research by providing opportunities to study single cells and
gain insights into their signaling dynamics. These devices allow the
isolation of individual cells, which is often challenging with other
technologies. The designs for single-cell analysis typically utilize
unique geometric structures, such as pillar-like (Junkin et al., 2016;
Sinha et al., 2022) and V-type (Rho et al., 2016) valves. A microfluidic
device with pillar-like traps was developed for quantitative analysis of
single-cell immune dynamics (Junkin et al., 2016). With these traps,
singlemacrophages were isolated and exposed to different input types,

including a single-pulse, continuous, and repeated pulses of
lipopolysaccharide (LPS), separately. The dynamics of TNFα
secretion in single macrophages was found highly heterogeneous
and surprisingly uncorrelated with the dynamics of NF-κB, the
transcription factor that controls TNFα production. Additionally,
simulation analysis revealed that a trap with an optimal geometric
structure can achieve single-cell trapping with high precision (Sinha
et al., 2022). These global signal generators have facilitated the
exploration of temporal signaling dynamics (such as transcription
factor dynamics) in single cells encountering defined environmental
perturbations, enriching our understanding of how extracellular
signal inputs were interpreted by single cells, and how these
dynamics affect their downstream signaling events, such as
cytokine secretion.

Global input generation with
photoactivation

While microfluidic systems can be used to deliver global input
signals to cells, they may result in a delay of seconds for inputs
among different locations within cell culture, thereby posing a
challenge for investigating fast signaling events. The activity of
global input molecules can be suppressed and controllably
activated by stimuli, such as light irradiation (Klan et al., 2013).
This occurs because every signal is transmitted into cells upon
binding of input molecules to specific receptors. Recently, several
photoactivation-based methods have been reported (Ryu et al., 2014;
Mogaki et al., 2019; Perdue et al., 2020), which allows for spatial
control of signal molecules using light. Due to the simplicity and ease
of light irradiation, efforts have been made to develop different
strategies for small molecules and proteins.

For small molecule inputs, they can be caged by a photocleavable
group, such as the 2-nitrobenzyl group, to inhibit their activity. Two
small molecules, Imiquimod (R837) and Resiquimod (R848), which
are agonists of Toll-like receptor 7 (TLR7) and TLR7/8, respectively,
were conjugated with the photo-protecting group carbamate of
2-(2-nitrophenyl)-propyloxycarbonyl (NPPOC) to suppress their
spatial activity. Irradiation with 360 nm UV light deprotected these
small-molecule agonists, triggering signal transmission and NF-κB
pathway activation in cells (Figure 3A) (Ryu et al., 2014). Similarly,
a TLR4 agonist, pyrimido [5,4-b]indole, was photocaged at a
position critical for receptor binding by protecting the indole
nitrogen with 6-nitroveratryloxycarbonyl (NVOC). Upon
exposure to UV light, the agonist was uncaged and activated
NF-κB (Stutts and Esser-Kahn, 2015). In addition to photocaging
methods, photoresponsive conformational switches of small
molecule inputs can also reversibly change their activity.
A photoswitchable Pam3CS4 derivative–P10 was synthesized
to control the activation of the TLR1/2 signaling pathway. The
ground-state trans-P10 can activate antigen-presenting cells
(APCs) by promoting TLR1/2 heterodimerization. In the
presence of UV irradiation, trans-P10 is converted to cis-P10,
which reduces the activities of APCs by impeding the TLR1/2
heterodimerization (Hu et al., 2020). These methods offer the
potential to regulate immune activation and inflammation.

Formacromolecule inputs, such as growth factors and cytokines,
it is challenging to directly modify them with photo-protecting
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FIGURE 3
Photoactivation of signaling molecules as a global input for cellular signaling study (A) Photodeprotection of caged small-molecule agonist for
controlled TLR7/8 activation. Reproduced with permission from (Ryu et al., 2014) Copyright 2014 American Chemical Society. (B) Photodeprotection of
dendriticmolecular glue-caged hepatocyte growth factor (HGF) induces cell migration. Reproducedwith permission from (Mogaki et al., 2019) Copyright
2019 American Chemical Society. (C) Photodeprotection of polymer-caged cytokine for controlled T cell proliferation. The 20 kDa poly(ethylene
glycol) polymer chains appended to cytokine lysine residues via o-nitrobenzyl groups, which are rapidly cleaved by blue LED light, as measured by
cleavage-induced fluorescence dequenching. Reproduced with permission from (Perdue et al., 2020) Copyright 2020 American Chemical Society.

TABLE 2 Summary of light-controlled global signal generators for cellular signaling studies.

Cell type Input molecule Photosensitive moiety Application Reference

Bone marrow-derived
dendritic cell (BMDC)

TLR7 agonist, Imiquimod (R837),
TLR7/8 agonist, Resiquimod
(R848)

Carbamate of 2-(2-nitrophenyl)-
propyloxycarbonyl (NPPOC)

NF-κB activation, CD40 expression,
IL-12, TNF-α and IL-6 secretion

Ryu et al. (2014)

NIH3T3 fibroblast TLR4 agonist, pyrimido [5,4-b]
indole

6-nitroveratryloxycarbonyl (NVOC) NF-κB activation Stutts and
Esser-Kahn (2015)

Namalwa cell TLR9 agonist, CpG oligonculeotide Nitropiperonyloxymethyl (NPOM) IL-6 expression Govan et al. (2015)

BMDC TLR2/6 agonist, Pam2CSK4 NPPOC In vivo NF-κB activation,
upregulation of nfkb1, cd34, cd28 and
ccr7 expression

Ryu et al. (2017)

T lymphocyte Moth cytochrome c88-103 (MCC),
ovalbumin257-264 (OVA)

Nitrophenylethyl (NPE) Diacylglycerol (DAG) accumulation,
centrosome reorientation, and
Grb2 microcluster formation

Sanchez and Huse
(2018)

THP-1 cell and RAW
264.7 macrophage

Pam3CSK4 derivative–P10 The metastable cis-P10 is converted to its
thermally stable trans configuration

NF-κB activation, upregulation of
CD80, CD86, CD40 expression, and
IL-1β, TNF-α, IL-6, IL-12 secretion

Hu et al. (2020)

Human prostate carcinoma
DU145 cell

Hepatocyte growth factor (HGF) Molecular glue PCGlue-NBD, carrying
nine Gu+ pendants and butyrate-
substituted NVOC (BANVOC) linkages

Cell migration Mogaki et al.
(2019)

CTLL-2 T cell Human IL-2, mouse scIL-12 Polyethylene glycol (PEG) modified with
2-nitrobenzyl linker derivatives

T cell proliferation, OVA257−264

antigen-specific T cell activation, and
STAT5 activation

Perdue et al. (2020)
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groups. A dendritic molecular glue, PCGlue-NBD, carries multiple
guanidinium ion (Gu+) pendants. This functional molecular glue
can strongly adhere to the target protein, hepatocyte growth factor
(HGF), and cover the region for protein-protein interactions (PPIs)
on their surfaces. The PPIs are inactive, suppressing cellular
signaling. Upon irradiation with UV light, PCGlue-NBD is
photocleaved, reducing the multivalency for the adhesion.
Consequently, uncaged HGFs regains its intrinsic PPI affinity
toward c-Met, leading to pathway activation and cell migration
(Figure 3B) (Mogaki et al., 2019). This study demonstrates a
universal strategy for suppressing the activity of macromolecule
inputs, holding great promise for controlling protein input-
mediated signaling.

Another strategy that can reversibly suppress protein activity
is chemical modification with photolabile polymers (Perdue
et al., 2020). Cytokines such as human interleukin-2 (IL-2),
IL-15, and mouse scIL-12 were caged with polyethylene glycol

(PEG) -conjugated with a 2-nitrobenzyl linker. UV irradiation
photocleaved the 2-nitrobenzyl linkers, causing PEG to detach
and thus restoring the activity of cytokines (Figure 3C). The
magnitude and the duration of cytokine signaling can be tuned
on demand, with high spatial resolution. This approach is also
applicable to a range of additional cytokine or chemokine
proteins. Although the activity of proteins is initially
suppressed, cells still initiate a delayed response to the
photocaged cytokine proteins. In contrast, the uncaged
cytokine proteins induce a significantly faster response. These
findings demonstrate the controllability of cytokine signaling
latency using light. Although this strategy does not directly
control the activation, continuous efforts may lead to
improvements for this purpose.

Several recent light-controlled global signal generators are
summarized in Table 2. The effectiveness of photoactivation
methods relies on the photoresponsive groups or linkers used.

FIGURE 4
Activated living cells as a local input source for studying spatiotemporal signaling dynamics in receiver cells (A) a) Lipopolysaccharide (LPS)-infected
macrophages induce immune responses locally. b) The use of valve to control the propagation of a local signal (e.g., cytokine or an activemacrophage) to
neighboring fibroblasts in microfluidic device. c) Fibroblast activation at each location derived from simulation. Reproduced with permission from (Son
et al., 2022) Copyright 2022 CC BY-NC 4.0. (B) Light-activated dendritic cell serve as a local signal generator to propagate inflammatory information
to neighboring immune cells. Reproducedwith permission from (Mancini et al., 2015) Copyright 2015WILEY-VCHVerlag GmbH&Co. KGaA. (C) a) Sender
and receiver cell lines for reconstituting morphogen Sonic hedgehog (SHH) signaling gradient upon induction with 4-hydroxytamoxifen (4-OHT).
Reconstituting SHH signaling gradients in b) radial and c) linear geometries. Reproduced with permission from (Li et al., 2018). Copyright 2018 The
American Association for the Advancement of Science. (D) Optogenetic control of the secretion of α-factor pheromone by Optogenetic Sender (OS)
strains, which serves as a local input that triggers themating pathway, leading to the expression of a luciferase reporter gene under the control of the FUS1
pheromone-responsive promoter in Receiver (R) strains. Reproduced with permission from (Rojas and Larrondo, 2022). Copyright 2022 American
Chemical Society.
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Current methods are based on the use of short-wavelength light,
such as UV irradiation. The should be noted that pathways sensitive
to UV light may be activated or interfered with (Devary et al., 1993;
Li and Karin, 1998; O’Dea et al., 2008). Due to the strong
phototoxicity of UV light, cells may not survive prolonged
exposures. Exploring alternative photocleavable groups responsive
to long wavelengths of light can be a promising direction for
controlling cellular signaling (Wegener et al., 2017).

Local signal generators for
spatiotemporal cellular signaling
dynamics

While global signal generators can be used to explore temporal
signaling dynamics, probing spatial cellular behaviors remains a
challenge. In vivo, signal sender cells are located within cell
populations and transmit signals in either a two-dimensional
(2D) or one-dimensional (1D) path (Frank and Tay, 2015). The
construction of such signaling patterns requires precise spatial and
temporal control over the stimulation of sender cells, referred to as
local signal sources, without interfering with receiver cells. Recent
methods have focused on leveraging living or artificial cells as local
signal generators.

Local input generation with living cell
senders

Living cell senders serve as natural local signal sources due to
their ability to secrete signals within the physiological range. A
critical step is the activation of sender cells. This section will discuss
recent strategies for the controlled activation of living sender cells,
including pre-stimulation, microfluidics-assisted stimulation,

photocaged global input, and optogenetic activation. Recent
studies on living cell-based local input generators are
summarized in Table 3.

To construct a local signaling model, sender cells can be pre-
stimulated before cocultured with receiver cells. The activated
sender cells become local signal sources, secreting input signals
in limited areas. Recently, a diffusion-consumption model has been
created using the pre-stimulated T cells as the living senders to
produce IL-2, which stimulates surrounding T cell receivers (Oyler-
Yaniv et al., 2017). Immunofluorescence staining revealed the
generation of microdomains of STAT5-activated T cells around
local IL-2 sources. Although this method is operationally simple and
can be easily applied to investigate the activation status of cells
within local regions, it is challenging to measure the signaling
dynamics of receiver cells. The challenge lies in precisely
controlling the secretion of cytokine from living sender cells,
which makes it difficult to track the origin of signal propagation
and transduction in receiver cells.

Valve-integrated microfluidic devices enable the coculture of a
single sender cell (e.g., macrophage) and a population of receiver
cells (e.g., fibroblasts), as well as the control of signal propagation
(Frank and Tay, 2015; Son et al., 2022; Watson et al., 2022). These
devices consist of connected channels with a separation valve
between macrophages and fibroblasts, (Figure 4Ab), creating a
1D signaling axis (Frank and Tay, 2015; Son et al., 2022).
Dynamic LPS inputs can be delivered to single macrophages,
initiating NF-κB pathway activation and TNFα secretion, which
becomes a local TNFα source. By opening the separation valve,
TNFα transmits along the channels in a wave-like propagation,
initiating temporal and spatial responses of NF-κB in the cocultured
fibroblasts (Figures 4Aa–c). This model enables control of local
signal flow by opening and closing the separation valve. A
microfluidic device facilitating unidirectional intercellular
communication can avoid crosstalk and interference between

TABLE 3 Summary of living cell sender-based local signal generators for cellular signaling studies.

Sender/receiver cell
type

Method of local input activation Local input
molecule

Application Reference

T cell/T cell Pre-stimulation of sender cells with phorbol
myristate acetate (PMA) and ionomycin

IL-2 STAT5, FoxP3 activation in receiver cells Oyler-Yaniv et al.
(2017)

RAW 264.7 macrophage/
NIH3T3 fibroblast

Microfluidic delivery of LPS to stimulate
sender cell

TNF Nuclear NF-κB dynamics in both sender and
receiver cells

Frank and Tay (2015),
Son et al. (2022)

RAW 264.7 macrophage/
HEK293 cell

Microfluidic delivery of LPS to stimulate
sender cell

TNFα Nuclear NF-κB activation in receiver cells Watson et al. (2022)

HES3 cell/HES3 cell Microfluidic delivery of bone morphogenetic
protein 4 (BMP4) to a colony

BMP4 MIXL1, T, SOX17, CDX2 expression in
receiver cells

Manfrin et al. (2019)

Tumor cell/stromal cell Input molecules secreted in the normal
culture in Matrigel-fulfilled microfluidic
device

TGF-β1 α-smooth muscle actin (α-SMA) expression
in receiver cells

Fang et al. (2021)

BMDC/RAW Macrophage,
HEK293 cell, fibroblast

Light-activated NPPOC-modified TLR2/
6 agonist

TNF NF-κB activation, TNF secretion in receiver
cells

Mancini et al. (2015)

Opto-SOS/WT
NIH3T3 fibroblast

Light irradiation on sender cells IL-6 ERK activation in sender cells,
STAT3 activation in receiver cells

Toettcher et al. (2013)

NIH3T3 fibroblast/
NIH3T3 fibroblast

4-hydroxytamoxifen (4-OHT)-induced
production of Sonic hedgehog (SHH) in
sender cells

SHH Reconstitution of SHH signaling gradients for
quantitative analysis of spatiotemporal
patterning dynamics in receiver cells

Li et al. (2018)
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sender and receiver cells (Fang et al., 2021). The device consists of
two separated half-ellipse-shaped chambers for different cell
cultures, which are mixed in Matrigel and loaded into the left
and right chambers, respectively. Matrigel and physical barriers
restrict the medium flow to form a unidirectional signal flow from
sender to receiver cells. Additionally, the device allows the analysis of
functional signals secreted by sender cells via a signal-blocking inlet.

Although 1D signaling models have been realized for
spatiotemporal signaling studies, the output information is still
limited because in vivo local signaling patterns are typically 2D
or 3D. A 2D model of developmental signaling center has been
created in microfluidic device (Manfrin et al., 2019). Localized
morphogen signaling sources were generated upon treatment
with an input signal of bone morphogenetic protein 4 (BMP4),
resulting in the formation of morphogen gradients along human
pluripotent stem cell (hPSC) colonies. The hPSCs exhibited spatially
differential expression of MIXL1, T, SOX17 and CDX2 genes,
demonstrating spatiotemporally controlled morphogen signaling
gradients. This study shows the possibility of constructing a 2D
signaling model in a microfluidic device, provided that a global
signal does not stimulate receiver cells.

Photocaging and photoactivation strategies can also be used to
control the activation of sender cells in a 2D signaling model. For
example, a light-controlled immunostimulant probe that can
photosensitize immune cells was synthesized to control the origin of
inflammation (Mancini et al., 2015). This probe, a photocaged TLR
agonist modified with a 2-nitrobenzyl linker, can tag and remotely
induce a guided immune response (TRIGIR) (Figure 4B). With light
irradiation, the TRIGIR probe is uncaged after the photocleavage of the
2-nitrobenzyl linker, functioning as a photoactive immunopotentiator
to activate TLR signaling and inflammation pathways. In a coculture
environment, the photoactivated TRIGIR probe controllably activates
bone marrow-derived dendritic cells (BMDCs) as a global input. The
cocultured fibroblasts are further activated upon receiving local input
signals from the activated BMDCs, thereby initiating TNF secretion.

Synthetic biology offers powerful tools such as chemogenetic
(Keifer et al., 2020; Tsai et al., 2021; Raper and Galvan, 2022) and
optogenetic (Tischer and Weiner, 2014; Zhang and Cu, 2015;
Leopold et al., 2018; Hongdusit et al., 2020; Farahani et al., 2021;
Kramer et al., 2021) techniques to control the activity of signaling
proteins in living cells. By leveraging these tools, it is possible to
control the activation of living sender cells that have been
transfected with chemogenetic or optogenetic response elements.
An example involved the production of morphogen Sonic Hedgehog
(SHH) by a sender cell line under the control of the chemical 4-
hydroxytamoxifen (4-OHT) (Figure 4Ca) (Li et al., 2018). The SHH
signaling gradients resulted in radial and linear activation
geometries in neighboring receiver cells, as evidenced by the
expression of nuclear-localized Histone 2B (H2B)-Citrine
fluorescent protein (Figure 4Cb). This finding showcases the
ability to achieve localized signal sources through the utilization
of synthetic circuits controlled by chemical inputs. The optogenetic
approach allows the construction of an intercellular communication
model in which local signal generation can be precisely controlled
through light irradiation on living sender cells. The design of an
opto-SOS system enabled the controlled initiation of signaling
protein Ras activation, nuclear translocation of Erk2, and
secretion of IL-6 family cytokines (Toettcher et al., 2013). The

observation of STAT3 nuclear translocation in receiver cells
confirmed the propagation of IL-6 from the signaling senders.
Notably, 2 hours of light irradiation on sender cells led to
STAT3 activation in the receivers, whereas two separate 1-h light
irradiations with an interval did not produce the same effect. In
another study, an optogenetic intercellular system was implemented
in the budding yeast Saccharomyces cerevisiae. This system involved
controlling the production of α-factor pheromone through blue light
irradiation of Optogenetic Sender (OS) strains, subsequently leading
to luciferase induction in the Receiver (R) strains (Figure 4D) (Rojas
and Larrondo, 2022). These studies demonstrate the versatility of
optogenetic tools in the introducing different types of local inputs
that lead to distinct fate decisions in receiver cells.

Local input generation with artificial cell
senders

Artificial cells, also known as synthetic protocells, are designed to
replicate the structures and functions of living cells. These cell mimics
provide a valuable tool for studying intercellular communications with
minimal interference from cellular complexity, such as diverse secretion
levels and rates of signal molecules. Additionally, artificial cells offer
advantages in controlling the release of local input signals compared to
living cells, which opens up new possibilities for various applications. In
the context of local signal generation, artificial cells can be engineered to
replace living cells as local signal sources. While several studies have
investigated communication between artificial cells (Niederholtmeyer
et al., 2018; Aufinger and Simmel, 2019; Joesaar et al., 2019; Karoui et al.,
2022), the interaction between artificial and living cells has received less
attention. This section will introduce three types of signaling models,
namely, paracrine, contact-dependent, and embedded signaling, in the
context of artificial-living cell communities (Figure 5A).

Paracrine signaling involves the transmission of signals over
short distances, eliciting diverse responses in receiver cells. Artificial
cells with biocompatibility can be cocultured with living cells to
deliver local input signals via paracrine signaling. A recent
development induces an artificial cell system that integrated a
brain-derived neurotrophic factor (BDNF) and perfringolysin O
(PFO) gene expression construct (Toparlak et al., 2020). This system
allows for the controlled activation of both genes using N-3-
oxohexanoyl homoserine lactone (3OC6 HSL). In the presence of
3OC6 HSL, both PFO and BDNF are produced, and BDNF is
released through formed PFO pores. In a coculture system, the
artificial cells responded to 3OC6 HSL, releasing BDNF that
subsequently drives the differentiation of mouse embryonic stem
cell-derived neural stem (mNS) cells (Figure 5B). Communication
between artificial cells and engineered HEK293T cells has also been
established through the addition of 3OC6 HSL. The released BDNF
induces GFP expression in the HEK293T cells. These results
demonstrate the suitability of artificial cells in delivering
paracrine signals as substitutes for biological cells.

Nested (or embedded) architectures involving artificial and living
cells provide non-native signaling configurations (Figure 5Ab). In this
construct, artificial cells are embedded within living cells, allowing for
the exploration of signaling events initiated inside the system, such as
antiviral innate immune signaling (Seth et al., 2006). Although this
approach has been relatively less explored in current studies, it holds
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promise for future applications. For example, micron- or submicron-
sized artificial cells loaded with viral DNA/RNA can be endocytosed by
living cells, mimicking nested communication during viral infection.
The viral DNA/RNA can then be released, triggering the retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation-associated gene
5 (MDA5) pathways, as well as NF-κB pathway (Brisse and Ly, 2019;
Rehwinkel and Gack, 2020; Onomoto et al., 2021). Another possible
configuration involves living cells embedded within an artificial cell,

enabling a cellular bionics approach where living cells can function as
organelle-like modules. A recent study presented a cellular bionic
system consisting of a single host lipid vesicle-based artificial cell
encapsulating colon carcinoma cells, and established an embedded
glucose oxidase (GOx)/horseradish peroxidase (HRP) enzyme cascade
(Figure 5C) (Elani et al., 2018). This localized communication was
initiated by the production of glucose (Glc) upon stimulation of the
cancer cells with lactose pre-loaded in the artificial cell. This innovative

FIGURE 5
Activated artificial cells as a local input source for studying spatiotemporal signaling dynamics in receiver cells (A) Schematic depicting different types
of localized signaling in artificial/living cell consortia, including local signaling among a) distributed and b) nested cell populations. Adapted from
(Mukwaya et al., 2021) Copyright 2021 CC BY 4.0. (B) Small molecule-triggered signaling in an artificial cell as a local signal source to drive neural
differentiation. a) 3OC6 HSL induced PFO expression and pore formation, along with BDNF release, which subsequently leads to the differentiation
and maturation of mNS cells. b) Left: Signaling between artificial cells and mNS cells. Middle: Artificial cells were incubated with mNS cells in a transwell.
Right: BDNF secretion gradually increased over the course of artificial cell treatment (days 4–19). Reproduced with permission from (Toparlak et al.,
2020). Copyright 2020CCBY 4.0. (C) Artificial/Living hybrid cells. a) a biological cell encapsulated inside a vesicle-based artificial cell. b) The encapsulated
cell functions similarly to an organelle within the vesicle reactor. It processes chemical elements, which are subsequently metabolized downstream by a
co-encapsulated synthetic enzymatic cascade in the vesicle. Reproduced from (Elani et al., 2018). Copyright 2018 CC BY 4.0.
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approach has the potential to uncover more signaling mechanisms
underlying nested communication.

Advantages and limitations of current
global and local signal generators

Global and local signal generators have been utilized in cellular
signaling studies to gain insights into the activation of signaling
pathways and dynamics of signaling proteins. Each type of
generators has its own set of advantages and limitations, which
will be discussed in this section (Table 4).

Microfluidic systems have been widely used as global signal
generators for investigating temporal signaling dynamics (Tay et al.,
2010; Song et al., 2018; Mokashi et al., 2019; Yang et al., 2022). These
systems allow for precise delivery of native molecules, including
cytokine proteins, to cell cultures. With the ability to control input
amplitude and duration, microfluidic systems can implement
various input types, such as pulse, continuous and ramping, to
capture dynamic information about cellular behaviors and gain
insights into signaling mechanisms. However, microfluidic
systems also have limitations. The perfusion of input molecules
into cell chambers can generate strong shear stress, which may affect
cell morphology. Cells sensitive to shear stress may shrink (Yang

et al., 2022), altering the fluorescence intensity of the nucleus,
cytoplasm and the entire cell, thus interfering with the
quantitation of signaling proteins. To mitigate this influence,
optimization of microchannel geometry, size, and pump pressure
is necessary. Additionally, flow-based input delivery is primarily
suitable for adherent cells, as keeping suspension cells stationary
during perfusion in a microfluidic device is challenging.

Another approach of generating global inputs involves light
irradiation to induce the photodeprotection of caged input
molecules (Ryu et al., 2014; Stutts and Esser-Kahn, 2015; Ryu
et al., 2017). This method addresses the limitations of shear
stress and the challenge of handling suspension cells in
microfluidic devices. Light irradiation allows for cell experiments
to be performed in commercialized well plate, eliminating the need
for complex microfluidic device fabrication and setup. However,
chemical modification of photocaged groups to input molecules
relies heavily on organic synthesis, which may inactivate proteins.
To overcome this limitation, proteins can be caged with dendritic
molecular glue PCGlue-NBD (Mogaki et al., 2019) or PEG
conjugated with 2-nitrobenzyl linkers (Perdue et al., 2020) and
photodeprotected with UV irradiation. Nevertheless, prolonged
UV light exposure can be phototoxic to cells. Additionally, this
approach primarily supports continuous inputs, as the input
molecules are not removed from cell cultures after light irradiation.

TABLE 4 Comparison of different signal generators in terms of their input types, advantages and limitations.

Potential input
types

Advantages Limitations

Global Signal Generators

Microfluidics-based Pulse, continuous,
ramping

Able to implement various input modes Shear stress might affect quantification of fluorescence-labelled
signaling proteins

Input is native molecule with known concentration Challenging to deliver input to suspension cells

Photoactivation-
based

Continuous Easy to execute light irradiation Chemical modification of input molecules may lower down the
activity of protein input

Long time exposure to short wavelength of light may be harmful to
cells

Local Signal Generators (Living Cell Senders)

Pre-stimulation-
based

Wave No need of extra global input delivery or modification Challenging to control the origin of signal propagation

Microfluidics-based Wave Input is native molecule with known concentration Challenging to deliver input to suspension cells

2D signaling models require the inputs that are insensitive to
receiver cells

Photo-deprotection-
based

Wave Local input is controllable The receiver cells must be insensitive to the stimuli

Prolonged exposure to short wavelength of light may be harmful to
sender cells

Optogenetics-based Wave, continuous Local input is controllable The specificity of the expression patterns of the optogenetic probes
relies on the availability of the appropriate promoter/enhancer
sequencesPhotosensitive elements responsive to long wavelength of

light can be applied to activate sender cells

Local Signal Generators (Artificial Cell Senders)

Artificial cell-based Wave, continuous Local input is controllable Challenging to quantify the input molecules released from the
artificial cells

Exposure with short wavelength of light does not affect
non-living sender cells
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Local signal sources can be established using either living or
artificial cell senders. Various strategies have been employed to
control the activation of sender cells. A simple 2D signaling model
can be constructed by coculturing pre-stimulated living sender cells
with receiver cells (Oyler-Yaniv et al., 2017). This method allows for
the investigation of interesting pathways without the need for
additional delivery or chemical modification of global input
molecules. However, controlling the origin of the local signal
source is challenging since the local input molecules start
propagating during the pre-stimulation process. Thus, this
method is more suitable for discovering microdomains of
signaling cells and studying the spatial spread of local input
molecules, such as cytokines and growth factors (Oyler-Yaniv
et al., 2017).

Microfluidic cell coculture systems enable controlled local
signaling by compartmentalizing sender and receiver cells in
closed environments with integrated separation valves.
Depending on the sensitivity of receiver cells to global stimuli,
sender cells can be either separated from receiver cells (Frank
and Tay, 2015; Son et al., 2022; Watson et al., 2022) or confined
together with receiver cells in the same chambers (Manfrin et al.,
2019; Yang et al., 2022). However, achieving a 2D signaling model in
a microfluidic system remains a challenge when global stimuli can
also activate receiver cells. The geometric structure required for a 2D
signal flow is difficult to achieve when sender and receiver cells are
isolated with separation valves. The advantages and limitations of
microfluidic systems as global input generators are also applicable to
their applications in local signal generators. Native stimuli molecules
with known concentrations allow for easy quantification of various
types of global input. However, constructing a local signaling model
with suspension cells still poses challenges.

The photodeprotection of caged input molecules have also been
applied in local signal generation (Mancini et al., 2015). Sender cells
can be activated through light irradiation of caged global stimuli.
Another photoactivation-based method utilizes optogenetic tools to
engineer photosensitive gene promotors in sender cells (Toettcher
et al., 2013). Although both approaches are based on light
irradiation, photodeprotection of caged stimuli is typically
initiated by UV light, while photosensitive elements responsive to
longer wavelengths of light can be used in optogenetic designs. The
latter addresses the issue of phototoxicity associated with prolonged
irradiation. This allows sender cells to continuously propagate local
input signals. However, both methods have limitations, such as the
restricted availability of photocaged stimuli and photo-responsive
promotors.

Artificial cells have gained significant attention as substitutes for
living cells (Xu et al., 2016; Buddingh and van Hest, 2017). These cell
mimics provide a simplified platform for constructing cellular
communities and storing and releasing interesting molecules with
high precision. Artificial cells with biocompatibility have been
employed as local signal senders (Toparlak et al., 2020). One key
advantage is the high controllability of local signal generation.
Signals can be released through passive diffusion, chemical
induction (Toparlak et al., 2020) or light irradiation (Yang et al.,
2020). Chemical induction allows for the generation of local input
signals without directly stimulating living receiver cells.
Additionally, the phototoxicity associated with light irradiation
does not affect artificial cell senders. However, quantifying the

released input molecules from artificial cells remains a challenge.
One potential solution is to use fluorescently labeled input
molecules. While studies on local signaling using artificial cells
have been relatively limited to date, we believe that the unique
advantages of artificial cells will facilitate further research in
this area.

Conclusions and future prospects

Global and local signal generators have significantly enhanced
our understanding of temporal and spatial cellular signaling
activities and cellular behaviors. In particular, microfluidic
systems have emerged as powerful tools for investigating
temporal activity of signaling pathways in single cells (Junkin
et al., 2016; Sinha et al., 2022; Yang et al., 2022) and cell
populations (Tay et al., 2010; Song et al., 2018; Mokashi et al.,
2019). These systems allow precise delivery of various global inputs,
such as pulse (Blazek et al., 2015; Ryu et al., 2015), continuous
(Dettinger et al., 2018), and step-wise ramping (Song et al., 2018; Son
et al., 2021), and ramping analog inputs (Mokashi et al., 2019),
resulting in distinct cellular responses. Through the study of
temporal behavior in individual cells, we have gained insights
into fundamental biological processes like cell proliferation and
differentiation (Zhu and Thompson, 2019), and immune response
(Brubaker et al., 2015). For instance, perturbation of ERK activity
with pulsatile inputs of EGF/NGF reveal that transient/sustained
ERK dynamics induce proliferation/differentiation in PC-12 cells
(Ryu et al., 2015). Continuous and pulse TNFα inputs were shown to
elicit digital activation but analogue information processing of NF-
κB in fibroblasts (Tay et al., 2010). Additionally, the delivery of
linear/exponential stepwise ramping inputs of TNFα to fibroblasts
demonstrates that NF-κB activity responds to the absolute difference
in cytokine concentration rather than the concentration itself (Son
et al., 2021). These findings highlight the power of microfluidic
approaches in addressing complex biological questions that are
challenging to investigate using conventional experiments
conducted in well plates, which often allow for treatments with
only continuous inputs or very few pulses of input signals (Ashall
et al., 2009; Zhang et al., 2017). Despite significant progress, there is
still much to uncover regarding the underlying signaling
mechanisms and their implications, considering the diverse range
of global input signals encountered by cells during biological events.
The remarkable controllability of microfluidic systems opens up
possibilities for exploring additional global input types, such as
sinusoidal and triangle signals, which may provide further insights
into temporal signaling responses in future studies.

The development of photocaging and photodeprotection-based
global input generators has been a subject of ongoing research for
years. This emerging technology has aided our exploration in
control of cellular signaling activation. Several small molecule
agonists of TLRs conjugated with 2-nitrobenzyl groups have been
applied to control the activation of immune signaling pathways (Ryu
et al., 2014; Govan et al., 2015; Stutts and Esser-Kahn, 2015). By
exploring the signaling of TLRs using photoactivated agonists, we
can gain insights into inflammatory responses and the innate
immune system’s recognition of non-self, potentially leading to
advancements in vaccine design. Photochemical techniques have
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also been employed for macromolecule inputs such as growth
factors and cytokines. Caged dendritic molecular glues (Mogaki
et al., 2019) and polymers (Perdue et al., 2020), have been utilized to
photo-protect these protein input molecules, enabling their
controlled release and activation of downstream signaling
pathways. This has opened up possibilities for using photolabile
molecular glues or polymers as universal inhibitors to control
protein input-triggered signaling activation. By combined these
techniques with reporter cells and time-lapse imaging (Yang
et al., 2022), we can extend their applications to study temporal
signaling dynamics in future. Furthermore, light irradiation can be
programmed to create various input profiles, including multiple-
wave and continuous stimulation. For example, photolabile
molecular glues or polymers can be modified to photo-protect
EGF/NGF and TNFα, allowing controlled activation of the ERK
and NF-κB pathways, respectively. By applying specific input
profiles of light irradiation, we can investigate the temporal
dynamics of ERK and NF-κB signaling pathways.

Living cells have been adapted to serve as local signal generators
using various approaches, as discussed in this review. These local
signal generators can be easily extended to explore other cell types and
signaling pathways, offering versatility and flexibility in experimental
design. While artificial cells have not been widely applied as local
signal generators in observing signaling dynamics in living receiver
cells, recent studies have demonstrated their potential in controlled
signaling activation in neural and HEK293 cells (Toparlak et al.,
2020). The utilization of artificial cells as local signal generators faces
challenges in building photo-responsive promotors and gene
expression systems within these synthetic constructs. However,
alternative strategies can be explored. For example, light-controlled
DNA-mediated signaling between artificial cells has recently attracted
attention (Yang et al., 2020). These artificial cells with adjustable
permeability can store and release different DNA molecules
conjugated with photolabile linkers under light irradiation. It raises
the question of whether proteins, such as cytokine or growth factors,
modified with photolabile linkers, can also be stored in artificial cells
and released upon light irradiation.

In conclusion, the development of robust platforms for both
global and local signal generation holds significant promise in
enhancing our understanding of how cells encode and decode
diverse input information across spatial and temporal dimensions.

The impact of these signal generators is evident in their potential to
elucidate the underlying signaling mechanisms governing temporal
and spatial signaling dynamics, as well as cellular behaviors.We firmly
believe that advancing and expanding upon the techniques discussed
in this review will further propel the discovery of novel and intriguing
signaling mechanisms.
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