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Abstract

Understanding how cells self-organize into functional higher-order structures is of great interest, 

both towards deciphering animal development, as well as for our ability to predictably build 

custom tissues to meet research and therapeutic needs. The proper organization of cells across 

length-scales results from interconnected and dynamic networks of molecules and cells. 

Optogenetic probes provide dynamic and tunable control over molecular events within cells, and 

thus represent a powerful approach to both dissect and control collective cell behaviors. Here we 

emphasize the breadth of the optogenetic toolkit and discuss how these methods have already been 

used to reverse-engineer the design rules of developing organisms. We also offer our perspective 

on the rich potential for optogenetics to power forward-engineering of tissue assembly towards the 

generation of bespoke tissues with user-defined properties.
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1. Introduction

Cells have the remarkable potential to multiply and self-organize into complex multicellular 

structures, for example during animal development or the formation of organ-like structures 

from single cells (organoids [1]). Understanding the rules that govern cell assembly will thus 

be crucial to understanding fundamentals of animal development, and at the same time will 

inform our ability to manipulate cell collectives for downstream applications, including 

organoid engineering for discovery and therapeutic purposes.

Tissue patterning and morphogenesis arise from dynamic interactions within networks of 

cells. Each cell, in turn, relies on complex networks of molecules that sense, process, and 

respond to information from the cell and its surroundings. Decades of detailed studies have 

revealed the important network components that regulate development. However, we 

continue to learn that cell- and tissue-scale behavior is not simply governed by binary 

presence or absence of developmental signals, but that their location, duration, strength, and 

cellular context are critical signal features that shape tissue response. Towards these aims, 

traditional “all-or-none” tools—for instance genetic knockout/overexpression or chemical 

modulators—are often poorly suited to understand how the dynamics of network 

components control emergent developmental events.

Optogenetic—or, light-activatible— probes provide a rapidly growing set of approaches to 

study how the spatiotemporal dynamics of specific proteins can regulate cell and tissue 

behaviors. Because optogenetic proteins can be reversibly stimulated by light, they provide 

user-defined control over the intensity, dynamics, and location of biochemical reactions 

within a cell. Over the past 10 years, a variety of optogenetic methods have been engineered 

to control virtually any developmental process within the cell, including signaling, 

transcription, and cytoskeletal rearrangements.

In our view, optogenetic probes offer tremendous potential to both reverse-engineer 

developmental systems, as well as to forward-engineer cellular collectives with custom-

defined properties. In this review, we will first introduce general strategies by which 

optogenetic tools can manipulate the behaviors that govern cellular self-organization. We 

will then highlight recent applications of light-activation to probe developmental regulation, 

as well as examples and prospects for optogenetic control to regulate these cues towards 

precision-engineered tissues.

2. The optogenetic toolkit: optical control over all steps of cellular 

information processing.

Optogenetic tools have been developed to regulate each step of cellular information 

processing, from the sensing of environmental cues to the activation of transcriptional 

Mumford et al. Page 2

Curr Opin Biomed Eng. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



programs (Figure 1A,B). For instance, dynamic control of a cell’s environment has been 

developed by either doping biomaterials with light-sensing chemicals or proteins that can 

modulate material properties [2–5], or by expressing light-sensitive variants of adhesion 

proteins such as integrins [6] or cadherins [7]. Separately, intracellular signaling has also 

provided an attractive target for photostimulation due to its fast seconds-to-minutes 

timescales. Numerous optogenetic modules that allow light control over protein shape, 

dimerization, or oligomerization have been used to regulate a broad spectrum of signaling 

nodes, including cell surface receptors [8–14], intracellular kinases [15–19], and small 

GTPases [20–25] (Figure 1A). For example, light-induced recruitment of the catalytic 

domain of the Ras-activating protein SOS (optoSOS) [21] or of the Raf kinase (optoRaf) 

[17] have been used to control and study Ras-Raf-Mek-Erk signal dynamics across 

numerous systems including single mammalian cells [21,26], epithelial sheets [27,28], and 

in developing flies [29,30]. Light can also be used to directly stimulate or repress gene 

expression in mammalian cells [31], either from a synthetic transcriptional cassette [32,33] 

or from endogenous genes using light-switchable Cas9 systems [34–36]. The EL222 system 

[32] allows light-induced transcription from a synthetic cassette with rapid (10s of seconds) 

ON/OFF kinetics and 100-fold dynamic range, and has been implemented in diverse models 

systems including yeast [37], mammalian cells [33], and zebrafish [34–36]. Comprehensive 

reviews of the varied application of optogenetics within cells can be found elsewhere 

[38,39]. We also direct readers to optoBase.org, an online database with up-to-date 

information on all published optogenetic probes, devices, and publications [40]. The 

maturity of this toolset now sets the stage for its use to better understand and build 

multicellular systems (Figure 1C).

3. Reverse engineering cellular collectives with optogenetic control

3.1. Control over key signaling nodes for understanding their contribution to tissue 
development

How individual cells grow and interact to robustly generate functional organisms remains 

poorly understood. However, by manipulating individual network nodes during development 

with high spatiotemporal precision and observing the outcome, we can hope to uncover the 

causal molecular and cellular modules (e.g. proliferation, tissue patterning, migration) that 

organize developing systems. Such insights will be valuable for future efforts to engineer 

functional tissues with a complexity approaching that of natural systems.

The early application of optogenetic tools to developmental biology has already revealed 

new insights into developmental control, primarily within fruit fly, zebrafish, frog, and also 

mouse models [33,41–44]. A common control point in these early studies has been cell 

signaling, where light-control was exerted on receptors and enzymes within the Ras-ERK, 

Nodal, canonical Wnt, and non-canonical Wnt pathways, among others [12,13,29,43,45]. 

(Figure 2A,B) Downstream of transmembrane signaling, other studies have applied optical 

control to probe the role of tissue mechanics by perturbing cytoskeletal regulators, for 

instance Rho GTPases or phosphatidylinositol phosphatases that regulate actin interactions 

with the membrane [41,42,46,47]. These manipulations demonstrated, for example, that 

Rho1 activity and apical constriction are sufficient to drive tissue invagination during 
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Drosophila embryonic morphogenesis [42,48]. Such studies allow us to define how physical 

tissue-scale transformations occur, for example whether transformations are driven by 

specific signals or simply by physical constraints on growing tissue, or a combination 

thereof.

3.2. Optogenetic dissection of tissue patterning in the development of model organisms

The spatial precision afforded by optogenetics offers unique potential to study how spatial 

patterning of cell fate is regulated during development, for instance through Delta/Notch 

signaling [49]. In Delta/Notch signaling, Delta-expressing (“sender”) cells communicate 

with Notch-expressing (“receiver”) cells. To enable optogenetic control, Viswanathan and 

colleagues fused a Cry2 protein within the endodomain of the endogenous Delta receptor 

(“optoDelta”) [50] (Figure 2C). Light-induced aggregation of the Cry2-Delta fusion led to 

inter-cellular clustering of Delta/Notch at cell-cell boundaries and inhibition of Notch 

signaling in optoDelta expressing cells. To understand how such clustering affected fate 

control between cells, a mosaic pupal notum—composed of wildtype and optoDelta-

expressing cells—was established. In the pupal notum, Delta-sending cells become sensory 

organ precursors (SOP), while the surrounding Notch-receivers are suppressed from the SOP 

fate. Light-stimulation of the mosaic tissue revealed that, at the boundary between the two 

cell populations, >90% of the SOP cells emerged from optoDelta cells. This experiment 

established that, while stimulated optoDelta cells suppress their own Notch signaling, Notch 

signals in neighboring cells can be activated to suppress the SOP (Delta-sender) fate. This 

work sets the stage for further studies to understand how Notch signaling regulates spatial 

patterning through juxtacrine interactions in multicellular organisms [50].

Optogenetics also permits a deeper understanding of the role that time and context play in 

how cells and tissues interpret developmental signals. This concept was recently 

demonstrated in multiple studies of Ras-Erk regulation of Drosophila development (Figure 

2D). Optogenetic Ras activation (optoSOS) [21] was applied to understand how Ras-Erk 

signaling could specify distinct fates in different regions of the embryo [29]. In the pre-

gastrulation embryo, Erk activity regulates anterior, posterior, and neural ectoderm lineages. 

Through a combination of optoSOS stimulation and genetic manipulation, the authors found 

that anterior head structure specification requires both Erk activity and expression of the 

morphogen Bicoid. However, Erk-driven differentiation between posterior midgut (PMG) 

vs. neuroectoderm was highly sensitive to the dynamics of Erk signaling. A short, 30 min 

Erk signal biased cells towards neuroectoderm, whereas a more sustained 2 hr signal biased 

cells towards a PMG fate, regardless of cell position within the embryo.

3.3. Dynamic dissection of cell and signaling networks in adult mammalian tissues.

Optogenetic studies of stem cell development have recently been performed in adult mouse 

brains [51,52]. Kim, Heo and colleagues applied an optogenetic probe of Fas receptor 

signaling to study neural networks in the mouse hippocampus [51]. The Fas receptor is 

commonly hyperactivated in neurological disorders and can promote either an apoptotic or 

prosurvival fate. While transient stimulation of Fas triggered mTOR stimulation in immature 

neurons, sustained ~4 hr Fas signals also stimulated Erk signaling in neighboring neural 

stem cells (NSCs) via secretion of brain-derived neurotrophic factor (BDNF), leading to 
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NSC proliferation. Impressively, repeated pulses of Fas signaling and NSC proliferation 

could be linked to a transient increase in memory in the mice. This work is a powerful 

demonstration of the unique advantages of optogenetics to study how signal dynamics 

regulate cell networks and organ function within intact tissues and organisms.

3.4. Uncovering the context-dependence of intracellular signals.

While it is now clear that both a signal’s context and its dynamics can have impact in 

organismal development, the interaction between context and dynamics (or, how cell context 

regulates pathway dynamics) is much less clear. Optogenetics has unique potential to 

address such open questions. Because optogenetic probes can be insensitive to endogenous 

feedback mechanisms (as in optoSOS), identical signaling inputs can be applied in different 

contexts, and downstream outputs can be analyzed to understand the effect of cell context on 

signal transmission [53]. This concept was recently demonstrated in the context of cancer. 

OptoSOS stimulation in cancer cells revealed that an entire class of BRAF mutants changes 

the kinetics of Erk activation in response to pulses of Ras input [26]. These altered kinetics 

sensitized cells to enter the cell cycle in response to dynamic Ras inputs, demonstrating how 

the oncogenic signaling context of a cell can meaningfully change signal transmission 

dynamics and the downstream cellular responses. It will be exciting to test the extent to 

which a cell’s developmental context (eg., its proteomic state or the mechanical cues it 

senses) can similarly alter temporal features and interpretation of cell signaling inputs to 

regulate proper development.

3.5. Modulation of mechanical context to study cell and tissue function

Light controllable materials have yielded insights into how environmental context influences 

cell behavior [3,54,55]. Dynamic modulation of substrate stiffness revealed that YAP/TAZ 

signaling can confer memory of past mechanical states to influence differentiation decisions 

[55], and that a separate memory of mechanical states can be found within epigenetic 

chromatin states in hMSCs [3]. Separately, substrates photopatterned to be mechanically 

heterogeneous have been used to mimic the mechanical environment that occurs in liver 

fibrosis and to interrogate the role of substrate stiffening in differentiation of hepatic stellate 

cells into myofibroblasts. Stiffened areas ≤ 100 μm in diameter increased cell spreading but 

did not drive transcriptional changes, while stiffened areas ≥ 200 μm in diameter promoted 

myofibroblast differentiation [56]. Dynamic substrate modulation was also shown to 

recapitulate the time course of signaling and phenotypic changes that occur in hepatic 

stellate cells during liver fibrosis, suggesting creation of a more accurate disease model than 

those that use mechanically static culture systems [57].

4. Applying optogenetics to forward engineer cell collectives

4.1 Harnessing emergent behavior to build tissues: Simple molecular and physical cues 
can stimulate complex behaviors within cell collectives

Given the tremendous complexity of cells and tissues, the goal of engineering functional 

tissues of multiple cell types from the bottom-up can seem daunting. Fortunately, we are 

learning that multicellular developmental programs (eg, self-assembly, patterning, 

regeneration) can often be viewed as functional modules that emerge from the activity of 
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specific molecules within cells. Thus, we can aim to harness these biological “sub-routines” 

through targeted regulation at the appropriate molecular nodes to direct higher-order 

behavior of cell assemblies.

Membrane voltage (Vmem) has emerged as a potent high-level regulator of tissue formation. 

In one example, Blackiston et al. observed that eye formation in Xenopus embryos was 

preceded by a dramatic hyperpolarization in a cluster of cells in the anterior neural field 

[58]. Remarkably, forced hyperpolarization outside of the eye region drove the formation of 

ectopic eye tissue, both in the head but also in the gut and tail regions. These results 

contribute to a large and growing literature on the role of bioelectricity in proper and 

abnormal developmental patterning [59]. Given the wide array of available optogenetic ion 

channels [60], as well as their continued optimization for use in non-neural cells [61], there 

is tremendous potential to use optogenetic ion channels to precisely shape bioelectrical 

tissue patterns to understand and control the formation of complex tissues [62]. To date, 

optogenetic control of potassium channels was used to disrupt proper Vmem in developing 

frogs, resulting in craniofacial abnormalities [61], and light activation of a H+ pump rescued 

developmental and regenerative abnormalities caused by inactive H+-V-ATPase pumps [63].

Molecules that control cytoskeletal mechanics can also trigger emergent morphogenetic 

events in development. Izquierdo et al. used light to activate Rho1 signaling within 

developing Drosophila embryos. Patterned activation induced apical constriction in activated 

cells and could be used to precisely control timing and invagination of embryos with 

arbitrarily defined geometries, including squares, circles, and triangles [48] (Figure 3). Such 

spatial control allows us to surpass a tissue’s naturally evolved behavior and explore the 

possible set of transformations that can occur given the physical constraints of a tissue.

Emergent tissue formation can similarly be triggered by variation in the level and spatial 

distribution of individual genes or pathways. Guye and colleagues found that a genetically 

engineered pulse of GATA6 in a population of induced pluripotent stem cells stimulated 

differentiation of liver cell lineages and assembly of a hepatic organoid [64]. In a separate 

example, Repina et al. discovered emergent self-organization during mesodermal 

differentiation of pluripotent stem cells, using optogenetic stimulation of β-catenin [65]. 

While uniform β-catenin activation in all cells simply triggered differentiation, mosaic 

activation (ie. a mixed population of activated and unactivated cells) triggered differentiation 

only in the activated subpopulation, followed by spontaneous self-sorting of the initially 

mixed populations (Figure 4C,D). Because β-catenin is a regulator of adult stem cell fate 

and morphogenesis in several organoid models [66], it will be interesting to observe whether 

focal pathway activation can similarly specify cell fate and higher order morphological 

events in tissues, for example bud formation in intestinal organoids [67].

4.2 Novel interfaces with complementary engineering strategies to make designer 
tissues

As new technologies emerge to provide control over designer tissues, we envision that 

optogenetics could uniquely synergize with these approaches to more effectively build 

complex tissue with programmable form and function.
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Such synergy is already observed in the development of photoactive biomaterials, as 

described above (Figure 4A,B). We emphasize the diversity of developed methods, enabling 

material stiffening or softening upon light exposure, reversible or permanent mechanical 

perturbation, use of synthetic (PEG) [2,4,5,54,68] or natural biomaterials [56,57,69,70], and 

UV/blue [2,5,56,57,68,69], red [54], or NIR [4,70] activation wavelengths. Furthermore, 

optogenetic methods are fully compatible with light-independent tissue engineering 

strategies for controlling material structure and properties, providing multiple 

complementary points of control. For example, Hughes et al. recently reported a method to 

generate complex 3D tissue morphologies in vitro by harnessing the tensile forces of 

mesenchymal cells to mold thin, suspended tissues into pre-defined folded structures [71]. 

Introducing optogenetic control of the location, intensity, and timing of cell contractility 

could allow the generation of more intricate tissue folding architecture that could not be 

otherwise achieved.

Techniques from the field of synthetic biology have sought to develop de novo genetic and 

multicellular circuits to recapitulate emergent cell and tissue organization from the bottom-

up [72,73]. Morsut, Roybal and colleagues developed synthetic circuits using modified, 

synthetic Notch signaling (synNotch) to induce cellular outputs that are triggered by 

recognition of molecules on the surface of neighboring cells [74]. This method was modular, 

orthogonal to endogenous Notch signaling, and composable, permitting daisy-chaining of 

synNotch circuits for reliable two-way communication between cells. Multiple 

configurations were developed to generate various tissue-level behaviors, including 

patterning of epithelial cell layers and 3D self-organization into multi-layered spheroids 

[74,75]. There is rich potential for augmenting such synthetic strategies with optogenetic 

regulation, for example for enabling control over the timing or location of where these 

patterning circuits are triggered to generate defined tissue patterns and architecture (Figure 

4E).

Yet another exciting future application for optogenetics will be for precise specification of 

tissue properties through closed-loop feedback control. Feedback control can drive a system 

towards a predefined target through real-time monitoring of the system and subsequent 

adjustment of the input stimulus, until the target state is achieved. With light as a stimulus, 

both stimulation and system monitoring could be achieved under a microscope, where live 

imaging of developing tissues could feed back to inform the necessary location and intensity 

of future light stimuli (Figure 4F). Such feedback control has already been established for 

precise control of gene expression in bacteria [76] and in yeast [77], for control of PI3K 

signaling in fibroblasts [15], and more recently for spatial patterning of gene expression in a 

population of yeast [78]. We envision that, in combination with hardware for spatial light 

modulation, optogenetic feedback control could also be used to define precise shapes, sizes, 

and patterns within designer tissues.

5. Challenges, recent advances, and future opportunities

Despite substantial promise, there remain obstacles to maximizing the potential of 

optogenetic tools within multicellular structures. Blue light suffers from poor tissue 

penetration, presenting challenges for stimulation within 3D tissue. Although 2-photon (2P) 
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stimulation has been used in some cases to activate blue light photosensors [48,79], 

efficiency of photoactivation can be suboptimal. An innovative solution was developed that 

achieved 2P activation of Cry2 through FRET-assisted activation of a blue fluorescent 

protein (BFP)-Cry2 fusion [80]. 2P stimulation excited the BFP, which then transferred its 

energy through Förster resonance to Cry2, thus increasing Cry2 activation more than two-

fold relative to traditional two-photon stimulation. Efficient 2P activation will also enable 

precise stimulation in the x, y, and z dimensions, which is essential for precise spatial 

control of 3D tissues, for example in organoids.

Because of penetration and toxicity concerns with blue light, there is strong interest in 

optogenetic tools that respond to red and far-red light. The popular red-light inducible 

PhyB/PIF system requires an exogenous chromophore, PCB, which can present transport 

issues in organoids and embryos [81]. Two recent advances address this concern. First, cells 

can be engineered to express two metabolic enzymes that convert endogenous heme to the 

required PCB chromophore [82,83]. Second, new red/far-red tools can use biliverdin as a 

chromophore [84]. Unlike PCB, biliverdin is commonly found within cells across species. 

The expanding color-palette of optogenetic tools not only provides options for perturbation 

of individual signals, but also sets the stage for multi-color control of combinations of events 

within cells [85–87].

Finally, stem cell differentiation and organoid formation typically occur on the timescale of 

hours to days. Optogenetic control thus requires devices that are compatible with long-term 

stimulation in cell culture environments. Recently, we and others described custom hardware 

that allows arbitrary illumination of multiwell plates (24,96, and 384 well plates) within cell 

culture incubators [86,88,89]. Collectively, these devices can illuminate up to three colors of 

light, have options for spatial patterning, and have already been used to control β-catenin 

induced differentiation of embryonic stem cells [65]. Moreover, the programmable, 

miniature, and high-throughput nature of stimulation allows straightforward systematic 

perturbation of input parameters.

In conclusion, the past decade of optogenetic tool development has yielded a versatile set of 

probes with unique value towards our understanding and engineering of multicellular 

structures. Because of their exquisite level of spatiotemporal control of essentially any 

biochemical event within cells and tissues, we expect that these approaches will play a 

driving role as we continue to reverse and forward engineer living systems.
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Highlights

• Optogenetics enables tunable light control over the molecular and cellular 

building blocks that regulate collective cell behaviors and development.

• Optogenetic control of signaling allows researchers to dissect the 

developmental programs that embryos use to shape and organize growing 

tissue.

• Light control over biological programs can aid the construction of user-

designed tissue with custom properties and functions.
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Figure 1. Optogenetic control across biological scales towards engineering of multicellular 
structures.
(A) Light responsive proteins, sourced primarily from plants and photosynthetic 

microorganisms, can dimerize, cluster, change conformation, or permit ion flux upon light 

stimulation. (B) These light-induced behaviors can be used to directly control molecular 

events with light, which feed forward to enact cell and tissue-level responses. (C) 

Optogenetic probes have tremendous potential both to understand (reverse engineer) natural 

multicellular assemblies (eg, embryos), as well as to enhance bottom-up engineering efforts 

for towards user-specified tissues.
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Figure 2. Optogenetic control to reverse engineer embryonic processes.
(A) Light inducible systems adapted to embryonic tissues can be utilized to manipulate the 

localization or activation of receptors, signaling molecules and enzymes in whole organisms. 

(B) OptoSOS translocates to the membrane under blue-light induction, activating Ras-Erk 

signaling. In Drosophila, a set of rules determines the outcome for light activated Erk: 

extended activation initiates gastrulation, whereas transient activation at dorsal regions 

defines the neuroectoderm. At anterior regions, head structure formation requires both Erk 

stimulation and Bicoid expression. (C) Light induced aggregation of membrane bound Cry2-
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Delta leads to Notch/Delta interaction in neighboring cells. In ectodermal tissues, activation 

of optoDelta defines two populations of cells, thus defining tissue boundaries. (D) Light-

dependent membrane recruitment of the phosphatase OCRL (5ptase) leads to 

dephosphorylation of phosphatidylinositol-diphosphate (PIP2) to a monophosphorylated PIP. 

The alteration in membrane composition prevents the cytoskeletal changes required for 

invagination of the tissue. Light activation of OCRL in restricted embryonic regions prevents 

the local invagination of the tissue.
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Figure 3. Optogenetics control over tissue invagination in developing drosophila.
Reproduced from Izquierdo et al., [43]. (A) Cartoon of genetically encodable system for 

optogenetic Rho1 activation. Cry2 of the blue light inducible dimerizing pair Cry2-CIBN is 

fused to DHPH catalytic domain of RhoGEF2, while CIBN is tethered to the plasma 

membrane. Two photon stimulation causes a change in Cry2 conformation, allowing it to 

bind CIBN, leading to recruitment of DHPH to the plasma membrane, where it can activate 

Rho1. (B) Cartoon showing experimental set-up. User-defined stimulation patterns can be 

applied to an epithelial sheet, triggering apical contraction and bending of stimulated cells 
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out of the confocal acquisition plane. (C-K) Confocal images of RhoGEF2-Cry2-mCherry 

fluorescence integrated over 3 μM at the surface of the embryo. (C) Prior to photoactivation, 

the entire surface of the epithelial sheet is within the acquisition plane. (D) Upon 

photoactivation, RhoGEF2-Cry2-mCherry is enriched at the plasma membrane of cells 

within the circular activated region. (E) After sustained photoactivation for ~5 minutes, 

folding in the epithelial sheet caused by apical contraction in activated cells displaces the 

photoactivated region from the confocal plane of acquisition. Triangular (F-H) and square (I-

K) geometries of photoactivation were also performed to demonstrate that arbitrary shapes 

of epithelial invagination could be specified by the user. Scale bars are 10 μM.
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Figure 4. Optogenetic control to build designer tissue.
(A) Lithographic photopatterning can grant 4D control over biomolecule distribution within 

hydrogels, allowing creation of biochemically heterogeneous microenvironments. (B) Light 

activatible control over material cross-linking and stiffness allows dynamic modulation of 

mechanical stimuli. (C) Optogenetic control over signaling nodes allow control over timing 

and location of differentiation within a population. (D) Co-culture of light responsive and 

wild-type cells can be used to drive divergent responses in each subpopulation and activate 

self-organizational programs. (E) Optogenetic control over molecular, cell, or issue behavior 

can be driven to user-defined set-points through measuring system response and 

implementing light-enacted feedback control. (F) Optogenetic methods could interface with 
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synthetic patterning and self-assembly strategies to guide patterning circuit behavior in 

tissues.
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