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Optogenetic control in Caenorhabditis elegans: engineering
blue-light responsive gene expression for therapeutics
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026In today’s world, constant use of digital devices has made blue light exposure unavoidable. Prolonged expo-sure leads to increased oxidative stress due to excessive reactive oxygen species (ROS), contributing to cellulardamage in retinal tissue. Excessive ROS disrupts mitochondrial function, causes tissue damage, and can lead tocell death. Current approaches to managing oxidative stress caused by blue-light exposure primarily focus onreducing blue-light exposure rather than addressing the underlying causes of oxidative stress. Our project aimsto both detect andmitigate the excess levels of oxidative stress induced by blue light. The first plasmid constructfunctions as a ROS biosensor by using a ROS-responsive biosensor to activate green fluorescent protein (GFP)expression under high oxidative stress conditions, allowing elevated ROS levels to be visually detected. The sec-ondplasmid construct expresses superoxide dismutase (SOD2), an antioxidant enzyme, to reduceROS. Together,these constructs form a system that both detects and minimizes oxidative stress, allowing the cell to continuenormal functions while reducing the negative effects of excess ROS. The plasmids are constructed and validatedin Escherichia coli (E. coli), an efficient cellular chassis for transformation, then fed to C. elegans, transparentnematodes that enable organism-level ROS reporting. This blue light–regulated oxidative stress sensing systemlinks an external stimulus to a genetic response, enabling precise monitoring of cellular health. This innovationassists in countering the harmful effects of blue light and provides a foundation for developing technologies thatcan both sense and therapeutically respond to cellular stress in real time, with potential applications in ocularhealth, disease monitoring, and antioxidant therapies.
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is distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.In recent decades, the proliferation of digital devicessuch as smartphones, computers, and televisionshas increased dramatically. These devices emit bluelight from LED-based screens, resulting in prolongedexposure for many individuals. While blue light playsan important role in regulating circadian rhythms andalertness, excessive exposure has raised concerns re-garding its potential effects on ocular health, particu-larly in retinal cells (Cougnard-Gregoire et al., 2023).The retina is a highlymetabolically active tissue thatrelies heavily on mitochondrial function to meet itshigh energy demands. Retinal cells, especially pho-toreceptors and retinal pigment epithelial (RPE) cells,contain large numbers of mitochondria and are there-fore particularly vulnerable to oxidative stress. Studies

have shown that high levels of blue light exposure in-crease the production of reactive oxygen species (ROS)within retinal cells (Godley et al., 2005). Additionally,ROS can damage cellular components such as proteins,lipids, and DNA, ultimately impairing mitochondrialfunction and contributing to cell death (Dröge,  2002).Under normal conditions, cells maintain a balancebetween ROS production and antioxidant enzymessuch as superoxide dismutase (SOD), which help pre-vent oxidative damage. However, excessive blue lightexposure can overwhelm these systems, leading to ox-idative stress andmitochondrial dysfunction (Beatty etal., 2000). Some studies suggest that chronic oxida-tive damage in retinal tissue may be associated withretinal degeneration and visual impairment, including
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Figure 1. Distribution of screen time use by purpose

age-related macular degeneration, although the rela-tionship between blue light exposure and these condi-tions remains under investigation.Although preventative measures such as limitingscreen time and using blue light–filtering glasses ex-ist, many individuals do not adhere to recommendedexposure limits.Analysis of the Data Collected:To test this hypothesis, our team conducted ananonymous survey to assess compliance with screen-time restrictions among adolescents and young adultswho regularly use digital devices. Participants werefound through school networks and outside clubs, re-sulting in a wide variety of responses. We foundthat, among 72 participants, 90% reported bypass-ing screen-time restrictions. Additionally, social mediaand entertainment accounted for approximately 80%of these bypass instances. These findings suggest thatbehavioral interventions alone may be insufficient tofully mitigate cellular damage associated with chronicexposure (Singh et al., 2021) (Figures 1 and 2).To address this real-world problem, synthetic biol-ogy offers an innovative and promising approach totarget oxidative stress at the cellular level instead ofrelying on external prevention. In this project, we pro-pose the design of a plasmid that both detects elevatedROS levels and responds by enhancing the activity ofthe SODantioxidantwithin retinal cells, thereby reduc-ingROSaccumulation andprotectingmitochondrial in-tegrity. This approach enhances intrinsic cellular re-silience, providing a potentially more robust and long-term solution to blue light-induced oxidative damage.
Systems levelTo address oxidative stress caused by prolonged blue-light exposure, our systemwas designed to detect bluelight as an environmental stimulus and trigger a pro-tective cellular response. Blue light in the 400-500 nmrange serves as the system input, where it is absorbedby intracellular photosensitizers, particularly flavins(Hunter et al., 2012). Additionally, digital devices alsoemit light in the same range. When these flavins ab-sorb the blue light, they become “excited” and start

transferring energy to nearby oxygen molecules, gen-erating reactive oxygen species (ROS). While antioxi-dant systems normally regulate ROS levels, prolongedor intense blue light exposure increases ROS produc-tion beyond this capacity, leading to oxidative damageand cellular degeneration (Kuse et al., 2014).Because direct experimentation in retinal cells is notavailable to our team, this system models the underly-ing mechanism of blue-light induced oxidative stressrather than the retinal tissue itself. The key processdriving this damage is not unique to retinal cells, butinstead depends on photochemical reactions involv-ing intracellular photosensitizers. Both bacteria andsimple multicellular organisms contain endogenousflavins that absorb blue light and undergo the sameexcitation and energy-transfer reactions observed inretinal cells. As a result, these organisms are able togenerate ROS through the same energy-transfer reac-tions observed in retinal cells. This allows blue-light-induced oxidative stress to be accurately reproducedin experimentally accessible systems while maintain-ing the core biologicalmechanism (DeMagalhães Filhoet al., 2018).To capture and respond to oxidative stress at thecellular level, E. coli was selected as a sensing and re-sponse platform due to its well-characterized genetics,rapid growth, ease of genetic engineering, and exten-sive use in synthetic biology research. ROS generatedinside the bacterial cytoplasm activates the transcrip-tion factor OxyR, which undergoes a conformationalchange upon oxidation and binds to DNA sequencesupstream of antioxidant genes, including the katG pro-moter (Zheng et al., 1998; Storz et al., 1990). By plac-ing engineered genes under control of this promoter,oxidative stress is converted into ameasurable output.The system uses two plasmids in which one plasmidreports oxidative stress and the second drives an an-tioxidant response. When intracellular ROS levels riseand activate OxyR, the katG promoter on the reporterplasmid induces fluorescence through the green fluo-rescent protein (GFP) gene, providing a visible read-out of oxidative stress (Storz et al., 1990; Zheng etal., 1998). The second plasmid functions as the re-sponse component by expressing superoxide dismu-tase 2 (SOD2), an enzyme that reduces superoxideradicals and mitigates oxidative damage (McCord &Fridovich, 1969; Imlay, 2008) (Figure 3).To confirm that activation of the system is drivenby oxidative stress rather than light exposure alone,hydrogen peroxide is used as a positive control. Hy-drogen peroxide directly oxidizes OxyR and activatesthe same promoter, allowing validation that both thereporter and response outputs are ROS-dependent(Storz et al., 1990; Zheng et al., 1998). Comparable re-
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Figure 2. Average screen time (# of hours) of students & adults

Figure 3. Genetic circuit design showing two expression constructs assembled in E. coli and later introduced into C.
elegans to test gene expression.
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sponses under hydrogen peroxide treatment and bluelight exposure support the conclusion that blue lightactivates the system through ROS generation (De Mag-alhães Filho et al., 2018).To examine whether this stress-responsive behav-ior can function within a living organism, C. elegansis used as a model organism. C. elegans is mainlyused to study organism responses, including oxidativestress pathways, since it is easy to culture and its struc-ture allows for observation of fluorescent markers invivo. The Bristol N2 strain allows visualization of flu-orescent signals and has well-characterized oxidativestress pathways (Brenner, 1974). Since C. elegans nat-urally consume E. coli, engineered bacteria can be de-livered through feeding, enabling evaluation of ROS de-tection and antioxidant responsewithin a living organ-ism (De Magalhaes Filho et al., 2018) (Figure 4).Together, this systemestablishes a continuous, light-responsive pathway in which blue light induces ROSthrough flavin excitation, ROS activates a genetic stresssensor, and this signal triggers both detection and tar-geted antioxidant defense. By engineering a systemthat responds directly to oxidative stress rather thanblocking light exposure directly, the approach providesa biologically stable framework for studying and miti-gating blue-light-induced cellular damage.
Device levelThe device consists of an engineered system builtwithin E. coli using the pSB1C3 plasmid backbone.This high-copy BioBrick vector was selected for itsstability, compatibility with standard parts, and itsability to maintain controlled expression in oxidative-stress-responsive conditions. The plasmids carry chlo-ramphenicol resistance and function reliably in E. coliDH5α, serving as the main host organism for deviceconstruction and verification (Škrlj et al., 2009). Thesemarkers would be removed if adapted for therapeuticapplications.Two plasmids will be used, each serving a distinctrolewithin the system. The first plasmid acts as a sens-ing and reportingmodule, utilizing theROS-responsive
katG promoter to drive gene expression in responseto increased ROS levels (BBa_K1890020). This mod-ule produces a measurable fluorescence signal (GFP),allowing visual and quantitative detection of oxidativestress in cells (Belkin et al., 1996).The second plasmid functions as a responsemodule,containing a SOD2 gene that produces an antioxidantresponse. Upon activation by the same ROS-sensitivepromoter, the module produces enzymes that neutral-ize harmful ROS, thereby reducing oxidative damage.Together, these functional components form a system

that enables E. coli to report and lessen damage in ox-idative conditions (Imlay, 2013).These two plasmids will be constructed usingGolden Gate Assembly, which utilizes Type IIS restric-tion enzymes and DNA ligase in an iterative thermo-cycling reaction. This allows multiple DNA fragmentswith overhangs to be optimally joined in a fixed order,ensuring the seamless assembly and functionality ofthe standard plasmid parts (Bird et al., 2022) (Figure5).Together, these two engineered plasmids form anintegrated device in which E. coli DH5α acts as thecellular chassis. Plasmid DNA is typically introducedinto DH5α cells using chemical transformation or elec-troporation, and successful transformant cells are se-lected through the antibiotic resistance markers car-ried on the plasmid (Kostylev et al., 2015).To extend functionality beyond a single-cell system,
C. elegans is used as the model organism. Engineered
E. coli are introduced as a food source for C. elegans,allowing the bacteria to function within the worm’sintestinal environment (Rutter et al., 2019). As theworms ingest the bacteria, the reporting system canfunction in the intestinal environment and thereforeenable the assessment of oxidative stress detectionand removal on an organismal level.During plasmid construction, antibiotic resistancemarkers identify the cells that have taken up the plas-mids. For both the ROS-responsive reporter plasmidand the antioxidant response plasmid, chlorampheni-col resistance is also included as a selectable markerin E. coli. Chloramphenicol resistance is used as a se-lectionmarker because only bacteria carrying the plas-mid express chloramphenicol acetyltransferase (CAT),which inactivates the antibiotic, allowing them to sur-vive and grow, while non-transformed cells are inhib-ited and die.Not only do these markers support genetic mainte-nance, but they also enhance the device’s safety by en-abling researchers to control and verify its presencebefore application of the bacteria (Jang & Magnuson,2013). After verification, the markers can be removedto prevent needless spreading of antibiotic resistance.
Parts levelThe first plasmid functions as a ROS-responsive re-porter module. The plasmid begins with the oxidativestress-inducible katG promoter (BBa_K2610004),which is activated by the transcription factor OxyRunder elevated oxidative stress, particularly in thepresence of hydrogen peroxide. Downstream ofthe promoter is a strong ribosome-binding site(BBa_J428038) that promotes efficient translation
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Figure 4. Overview of our system-level design. Both plasmids will be tested and amplified in E. coli before trans-
forming them into C. elegans

Figure 5. Plasmid assembly strategy using Golden Gate
cloning to build two expression plasmids before trans-
formation into E. coli.

initiation. This is followed by the GFP reporter gene(BBa_K1890020), which produces a fluorescent signalwhen high ROS levels are induced. The construct endswith a double transcription terminator (BBa_J428092,derived from BBa_B0015) to ensure reliable termi-nation. Together, these components form an operon

that converts oxidative stress into a measurable flu-orescence output, allowing for the necessary energyexpenditure of the plasmids to be viable, which wouldnot have been done in a singular plasmid.
The second plasmid serves as the antioxidant re-sponse module by reducing the ROS levels withinthe cell. This construct includes a strong promoter(BBa_J23100) that allows for the expression of the an-tioxidant genewhen activated. Similar to the first plas-mid, the second plasmid also contains the same ri-bosome binding site (BBa_J428038), a sequence thatbase-pairswith rRNA of the 30S subunit to drive trans-lation initiation of the coding sequence. The primarygene of this plasmid encodes a superoxide dismutaseenzyme (BBa_K3277002), which breaks down super-oxide molecules into less harmful molecules. SODfunctions as an antioxidant that decreases intracel-lular ROS that accumulate due to excess blue-lightstress, mitigating potential retinal damage. As in thereporter plasmid, a double transcription terminator(BBa_J428092) is included to ensure controlled geneexpression. Both plasmids are designed so that geneexpression is linked to the oxidative stress conditions,allowing the system to function only when ROS levelsare elevated.
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SafetyThe safety and ethical foundation of this project be-gins with using low-risk model organisms. Both theN2 Bristol strain of C. elegans, and non-pathogenic E.
coli are classified as Biosafety Level 1 (BSL-1),meaningthey are not known to cause disease in healthy adulthumans (Centers for Disease Control and Prevention[CDC], 2020). All procedures follow standard labora-tory safety protocols, including theuseof personal pro-tective equipment (PPE), proper disposal of biologicalwaste (Stiernagle, 2006).Environmental containment is further strengthenedby biological safeguards. The engineered E. coli strainswould likely be outcompeted by wild type counter-parts in a natural environment, serving as an innatesafeguard against the environmental spread of syn-thetic traits (Kuldell et al., 2015). Additionally, antibi-otic resistancemarkers are used only during selection.Beyond physical containment, using light to con-trol genes raises important questions about acciden-tal activation and ethics. As our genetic “switch” (thekatG promoter) responds to oxidative stress, it couldbe turned on accidentally by environmental factorslike heat or normal room lighting instead of our spe-cific blue-light source. ROS are not merely harmfulbyproducts, but also essential signalingmolecules thatplay important roles in regulating normal cellular pro-cesses (Dröge,  2002). If our system accidentally over-rides these signals, it might stop the body from remov-ing unhealthy cells. Care is taken to ensure that thesystemdoes not interferewith essential biological pro-cesses by tuning the sensitivity and threshold of thesynthetic circuit so it responds only to pathologicallyelevated ROS levels. Furthermore, while using light totreat disease is a breakthrough, the power to controlliving systems must be managed carefully to preventmisuse. By targeting only elevated ROS levels and fo-cusing on neutralizing excessive stress, the design isensured not to interfere with the natural signals thecell needs to stay healthy (Ighodaro & Akinloye, 2018).This project also draws insight fromLai et al. (2022),whosework on reducing presbyopia through oxidativestress reduction with flavonoid-producing gut bacte-ria is closely related to our project. This study pro-posed engineering Bifidobacterium longum to producethe antioxidant quercetin for the treatment of pres-byopia, an oxidative stress-related condition. Whilethis approach explores systemic delivery of antioxi-dants through the gut, it introduces additional chal-lenges such as large plasmid size, transformation dif-ficulty, and uncertainty in developing compounds toocular tissues. In contrast, our system focuses on lo-calized sensing and responsewithin a targeted area, to

help reduce complexity and improve effectiveness.
DiscussionsWhile forming our proposal, we evaluated variouschallenges related to the development and implemen-tation of our research.
Challenge 1: Effects of reducing
intracellular ROS levelsOne major challenge is the risk of excessive antioxi-dant activity at the cellular level. The engineered plas-mid is designed to express Superoxide Dismutase 2(SOD2), an enzyme that catalyzes the dismutation ofsuperoxide radicals (a type of ROS) into hydrogen per-oxide and oxygen, where there is an excess concentra-tion of ROS. However, overproduction of antioxidantsmay disrupt cellular balance. Many studies and exper-iments, including this proposal, have mainly “focusedon oxidative stress (OS), characterized by an overpro-duction of reactive oxygen (ROS)…and its detrimen-tal effects on inflammation and disease pathogenesis”(Bellanti et al., 2025). However, it is also important toconsider the opposite condition: reactive stress (RS).RS is characterized by the overabundance of reducingagents, leading to the cell having an overall reducedstate (Bellanti et al., 2025). To mitigate this, the plas-midwill be programmed topause the production of an-tioxidantswhen an adequate amount is reached. In theplasmid design, the katG promoter will be controlledby a redox-sensitive transcription factor, oxyR. ThekatG promoter will be repressed once ROS levels de-crease, allowing transcription of the downstream genesequence and reducing SOD2 translation and expres-sion. Then, the antioxidant release will slowly come toa stop.
Challenge 2: Signal transmission utilizing
ROSIn terms of communication between cells, ROS is animportant component of cell signaling. H2O2 (Hy-drogen peroxide) is a common ROS. It is “…an essen-tial redox signaling molecule…” (Averill-Bates, 2024)and is linked to many cellular processes, includingactivation or repression of transcription factors, pro-grammed cell death, and phosphorylation cascades(Averill-Bates, 2024). In other words, the proposedtechnology has the potential for off-target effects andmay disturb other cellular processes by trying to re-duce the amount of ROS. However, it is important tonote that the project aims to reduce the concentrationof ROS to a healthier amount, not completely eliminateit, which would compromise the health of the cell. Theplasmid will also be engineered to specifically target
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excess ROS. This approach allows the cell to maintainnormal function while reducing the harmful effects ofexcess ROS.
Challenge 3: Implications of the final
product on societyAlthough reducing the amount of ROS in retinal cellshas many benefits, it also raises concerns about un-derlying risks, such as biosafety. Biosafety risks aredefined as “biorisks that arise from human actionsthat are not deliberate or intentional” (Zeng et al.,2022). The proposal aims to genetically engineer aplasmid that produces antioxidants in environmentswhere there is a significantly higher concentration ofROS. The solutionwill reduce such risks by strongly ad-hering to lab protocol, andmonitoring allmodel organ-isms by keeping them contained safely. In addition tothis, many scientists in the field discern that develop-ment of synthetic biology is still in its infancy, such that“the use of synthetic biology to reconstruct and synthe-size life forms from scratch is currently limited…” (Li etal., 2021). To address this, the project proposes to uti-lizeC. elegans, more commonly knownas roundworms,as the model organism. C. elegans are well studied or-ganisms, and are fairly simplistic organisms, contain-ing only 959 somatic cells. By working with organismsthat are well studied and characterized, the projectminimizes the opportunities for unpredictable behav-iors, thereby significantly reducing biosafety risks.
Main Challenge: Transformation
Efficiency of the PlasmidTransformation efficiency can be described as a quan-titative measure of how successful the uptake of for-eign DNA was in the host cell. Our plasmid faces therisk of having a low transformation rate, as it involvesmultiple plasmid parts. This introduces many pointswhere the uptake could go wrong. This proposal willuse the Golden Gate assembly method to increase theefficiency rate of transformation. Golden Gate assem-bly is an assembly method that utilizes Type II restric-tion endonucleases, allowing for parts to have over-hangs for ligation at will (Biró et al., 2024). Thismeansthat multiple parts can be attached and assembled inthe plasmid and have seamless joining. This challengecan also be addressed by exploring the optimal condi-tions for producing competent cells. These specific fac-tors can include the ionic species the strain has beenprepared in, plasmid concentration, or ice bath time(Liu et al., 2014).

Next stepsBlue light functions as both an environmental stres-sor and a controllable contact point, which scien-tists to link these engineered systems with authen-tic oxidative-stress signals. Multiple studies establishthat blue light with wavelengths between 400 and 500nanometers causes oxidative stress in retinal cells be-cause it increases ROS levels. Together withmitochon-drial destruction and the initiation of inflammatorypathways, this results in retinal degeneration and age-related macular disease. (Yeh et al., 2025) The use ofblue light as a control mechanism enables built sys-tems to connect with authentic biological stress sig-nals. The biosensing processes that need exact timemeasurements and low harmful effects make light theperfect solution because it lets scientists create chem-ical compounds for biological testing, which need bothfeatures.Our designed E. coli biosensor employs the cell’snatural oxidative-stress control systems to enhanceboth accuracy and operational capacity. The OxyRand SoxRS regulons function as established systemsthat respond to hydrogen peroxide and superoxide,yet serve as base elements in synthetic biology be-cause they function as ROS-responsive promoters (Im-lay, 2013). The system produces a measurable outputwhen ROS levels exceed normal physiological thresh-olds, as the fluorescent reporter is regulated by ROS-responsive promoters. This approach is far more prac-tical for educational labs than chemical PFN probes,even though it is a validated method for quantifyingROS in mammalian oxidative-stress models. (The useof E. coliDH5α leads to improved safety, which the sys-tem scales through its genetic components and its ca-pacity to track fluorescence.The biosensor’s actual performance shows its use-fulness in real-world applications that extend beyondjust the lab. The low-cost genetically encoded ROS de-tector can assist in three areas: antioxidant screen-ing, early-stage research on oxidative-stress-relateddiseases, and the detection of stress-related microR-NAs through integrated toehold switches. The sys-tem grows its versatility through the integration ofprogrammable RNA, which includes toehold switches.Research also demonstrates that microRNAs (miR-NAs) function as vital regulatory components that con-trol ROS-mediated pathways in cancer and melanoma(Kozar et al., 2021) because oxidative stress altersgenetic and epigenetic processes. (Leung & Sharp,2010) The development of a toehold switch that de-tects stress-related miRNA would help the biosensorto measure both chemical ROS and genetic miRNA in-dicators of oxidative stress.
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This system requires multiple steps that need tobe completed before it can function outside the lab.Researchers need to improve the genetic constructsthrough methods such as adjusting promoter strengthwith decreasing background fluorescence and check-ing the dose response through testing actual concen-trations of blue light exposure. The implementationof biosafety containment strategies, which include killswitches and cell-free expression systems, will protectagainst any potential biosafety risks that exist outsidethe lab. This biosensor system also requires develop-ment into portable formats like adhesive patches oreye drops to enable the population to operate this tech-nology without needing special equipment; however,translating an engineered bacterial system into theseenvironments comes with its own biosafety and regu-latory challenges. Engineered E. coli strains face a lowsurvival rate in ocular environments due to tear-filmturnover, antimicrobial peptides, and osmotic stress,which limits the engineered strain’s ability to act astherapeutic or diagnostic agents without extra stabi-lization strategies. Any deployment outside the labwould also need containment mechanisms - such askill switches or cell-free expression systems - to pre-vent any unintended colonization or environmental re-lease. Furthermore, topical use of a genetically mod-ified organism would fall under FDA/NIH regulationand would require plenty of safety testing, toxicity as-sessments, and evaluation of immune responses be-fore the system can be applied in the real-world. Thisdevelopment process requires these specific steps tochange the system from a theoretical demonstrationinto an operational research instrument that lets sci-entists investigate oxidative stress while using light-based biotechnology.
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