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Diya – A universal light illumination
platform for multiwell plate cultures

Sant Kumar,1,2 Stanislav Anastassov,1,2 Stephanie K. Aoki,1 Johannes Falkenstein,1 Ching-Hsiang Chang,1

Timothy Frei,1 Peter Buchmann,1 Paul Argast,1 and Mustafa Khammash1,3,*
SUMMARY

Recent progress in protein engineering has established optogenetics as one of the leading external non-
invasive stimulation strategies, with many optogenetic tools being designed for in vivo operation. Char-
acterization and optimization of these tools require a high-throughput and versatile light delivery system
targeting micro-titer culture volumes. Here, we present a universal light illumination platform – Diya,
compatible with a wide range of cell culture plates and dishes. Diya hosts specially designed features
ensuring active thermal management, homogeneous illumination, and minimal light bleedthrough. It of-
fers light induction programming via a user-friendly custom-designed GUI. Through extensive character-
ization experiments with multiple optogenetic tools in diverse model organisms (bacteria, yeast, and hu-
man cell lines), we show that Diya maintains viable conditions for cell cultures undergoing light induction.
Finally, we demonstrate an optogenetic strategy for in vivo biomolecular controller operation. With a
custom-designed antithetic integral feedback circuit, we exhibit robust perfect adaptation and light-
controlled set-point variation using Diya.

INTRODUCTION

In an expanding repertoire of synthetic biology tools, optogenetics is leading the charge as one of the most precise strategies for external

stimulation of in vivo processes. Inspired by natural photosynthesis phenomena, optogenetics entails influencing cellular processes with

light.1,2 Features like excellent spatial localization together with precise temporal and quantitative control render light advantageous over

other stimulation techniques such as chemical induction.3 In vivo engineering of photosensors, photoreceptors, and other light-sensitive

mechanisms has led to the development of several optogenetic tools,4–8 along with their utility in gene expression regulation,4 protein-pro-

tein interaction9 as well as many other applications. The sheer numbers of these tools and their diversity have led to the initiation of an ever-

expanding online database.10 Optogenetics is envisioned to assist a multitude of advanced applications including developmental biology

research,11,12 bioproduction,13,14 tissue engineering,15,16 biomaterials,17,18 and in vivo controller circuit design and prototyping,19 among

many others.

Employing optogenetic strategies for synthetic biology applications is not possible without suitable light delivery technologies. Progress

in the field of optogenetics has also propelled the research and development of several light induction hardware-software schemes,20 which

wewill refer to as optogenetic platforms in this article. According to the application specific requirements, these platforms have been custom-

designed to enable optogenetic induction at different scales, frommicroscopic single cell stimulation to large bioreactor bulk culture induc-

tion. Although the microscopic light induction technologies21,22 facilitate optogenetic studies requiring resolutions up to intracellular levels,

their throughput is extremely limited for bulk population studies. Medium23–25 and large bioreactor26–28 options are suitable for biotech-

nology and bioprocessing applications, with some setups also facilitating continuous culture operation.24 However, experiments on these

platforms demand considerable resources such as culture medium, and are also limited in throughput.

Characterization and optimization studies for optogenetic tools and downstream genetic circuits require high throughput and iterative

experimentation cycles. Multiwell plate illumination devices29–34 are suitable for these applications as they enable parallel induction of

tens of individual wells, each with culture volume within a range of hundreds of micro-liters. Some of these setups, e.g.,30 provide illumination

with no optical separation between wells limiting the number of independent conditions one can apply in a light induction experiment.

Although some other previously proposed setups such as optoPlate-96,33 light plate apparatus (LPA),31 and light activation at variable am-

plitudes (LAVA)34 ensure optical isolation between neighboring wells in their design, they are custom-designed for specific multiwell types

and sizes, thus limiting their utility in diverse culture conditions. Furthermore, the construction/assembly of these devices requires expertise in

reasonably advanced mechatronic tools and engineering, which is usually not available in basic biology labs. Some commercial ready-to-use
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platforms (e.g. Lumos from Axion Biosystems) exist but they are substantially expensive. A recent design proposed by Höhener et al.35 over-

came these limitations by using an affordable off-the-shelf LEDmatrix panel with closely spaced LEDs. This panel allows for the light induction

of multiwell plates and culture dishes with different shapes and sizes with an easy-to-assemble and easy-to-program framework. However,

due to appreciably high heat generation (cell culture temperature reaching over 40�C) during constant light induction experiments, this setup

is limited to lower duty-cycle pulsed-width modulated induction, and is not suitable for continuous light operation. It also does not include

safeguards for light bleedthrough in neighboring wells, and is not operable in shaking cell culture incubators.

To overcome the limitations of the available state-of-the-artmultiwell plate light induction platforms, we present a universal multiwell plate

light illumination device — Diya. Using a high density RGB LED matrix panel, its design is compatible for cell culture illumination in different

multiwell plate types and culture dishes. Diya includes a simple but effective active thermal management system allowing for continuous and

sustained light induction operation. It guarantees uniform/homogeneous illumination within wells, minimal illumination variability between

wells with the same input, robust optical isolation between neighboring wells, three light wavelengths for induction, and supports static as

well as dynamic, that is, time-varying induction experiments. It also offers safeguards for operation in shaking cell culture incubators. We have

also custom-developed an intuitive graphic user interface (GUI) making the programming of light induction experiments on Diya a simple and

effortless experience, which requires no coding skills. Diya achieves all these features with an affordable (< USD 200), easy-to-assemble and

easy-to-build hardware design, thus reducing barriers for pursuing optogenetics research in basic biology labs with fewer resources

and limited engineering competence.

In this work, we fully characterize and validate the proposed Diya platform with technical analyses, such as temperature and uniformity

analysis, as well as with diverse light induction experiments. We demonstrate the versatility of this platform by successfully reproducing mul-

tiple results in the synthetic biology literature involving state-of-the-art optogenetic tools (Opto-T7,36 EL222,37 CRY2PHR-CIB1,38 GAVPO,39

and CcaS-CcaR23,40) in multiple model organisms (bacteria, yeast and human cell lines).

Finally, we demonstrate the power of our approach through a case study involving advanced biomolecular circuit designs. We experimen-

tally illustrate how optogenetics, facilitated by the Diya setup, can be utilized to rapidly vary reaction rates within complex in vivo controllers.

Inspired by classical engineering disciplines, the application of control theory in synthetic biology is becoming increasingly prevalent. In

recent years, many biomolecular controller motifs involving chemical reaction networks have been proposed, built and analyzed.41–47 One

of the more elaborate genetic circuits, which has gained widespread attention from biologists and engineers, is the antithetic integral feed-

back (AIF) controller.48 This controller motif has been demonstrated to achieve set-point tracking with respect to a given output molecule

even in the presence of external disturbances and in inherently noisy cellular environment43 — a feature known as robust perfect adaption

(RPA). Previous in vivo implementations of thismotif involved circuit designs requiring plasmid copy number variation41,42 or external chemical

induction43,47 for tuning controller parameters such as the controller set-point. Plasmid copy numbers can vary substantially between cells,

and chemical inducers can degrade or get metabolized by the cells. These shortcomings limit the effective control over the chemical network

reaction rates, that is, the controller parameters. Optogenetics can be employed to overcome these limitations. In addition to providing pre-

cise (temporal, spatial and quantitative) stimulation pathway, this technique also enables us to vary the controller parameters reversibly, which

can be challenging with other methodologies. In this study, we have designed an in vivo optogenetic AIF controller by enabling light control

over the sensing reaction rate. Access to this reaction rate allows closure of the AIF loop as well as precise control over the set-point. Using this

circuit design and the Diya platform, we successfully managed to vary the output of interest, without compromising the RPA properties. This

approach enables a high-throughput screening through the parameter (sensing reaction rate) space by simply applying different light inten-

sities in parallel.
RESULTS

Diya – Hardware design and operation protocol

Diya is an optogenetic platform for cells cultured in multiwell plates or other culture dishes. Central to Diya is a high density RGB LED matrix

panel having 64x64 RGB LEDs with 3 mm pitch, which allows symmetric alignment of multiple LEDs under each well in a standard multiwell

plate with up to 96 wells. Thus, it supports light induction of cells cultured in clear-bottommultiwell plates (up to 96 wells) or culture dishes by

placing the plate on the panel such that the panel LEDs underneath each well act as separate light illumination sources. Two standard multi-

well plates can be simultaneously accommodated on the panel for parallel light induction experiments (Figures 1A and 1B). The RGB LEDs

provide illumination capability with three different wavelengths of light centered around 622 nm (red), 520 nm (green), and 464 nm (blue), by

LED panel design specifications. An expanded view of all the components in a Diya setup is illustrated in Figure 1A. The operation protocol of

this platform is discussed further in the next section, and shown in Figure 1C.

Diya incorporates 3D-printed adapters for different multiwell plates, which secure the cell culture plate on the panel in the correct align-

ment (Figure 1A). The adapters are designed with gridded protrusions on their base that can latch between LEDs on the panel. These well

plate adapters also help in optical isolation of neighboring wells to avoid light spillover (Figure S2). We have designed these adapters for

standard 6-, 24-, and 96-well plates, and the design files are provided with this article. During optogenetic experiments, a diffuser film/paper

can also be sandwiched between the adapter and thewell plate leading to uniform/homogeneous illumination of each well. The coefficient of

variation between the captured pixel intensities within a single illuminated well is observed to be less than 0.1 (Figures 2A and 2B), confirming

homogeneous illumination within wells. Besides, the lower coefficient of variation (< 0.1) in the mean pixel intensities of the captured images

of all wells implies that the same digital input leads to a similar light illumination intensity in different wells across the LED panel (Figures 2C

and 2D).
2 iScience 26, 107862, October 20, 2023
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Figure 1. Diya hardware and operation protocol

(A) An expanded view of the hardware design in a Diya platform. Here, the light illumination source is an RGB LEDmatrix panel, an outdoor high refresh rate LED

module containing 64x64 RGB LEDs with 3 mm pitch length. A computer cooling fan is attached to the back of the LED panel via a 3D printed back plate, which is

custom-designed to guide air through vents ensuring proper air circulation behind the panel. The complete setup mounts on four 3D printed stands, which can

be anchored to an incubator. Two standard multiwell plates with target cell cultures can be accommodated for simultaneous illumination on Diya platform. These

plates are placed on top of custom-designed 3D printed adapters having holes underneath the individual wells. The adapters lock onto the desired position on

the LED panel via carefully designed gridded protrusions underneath that can latch between LEDs on the panel. A light diffuser film/paper is sandwiched

between the well plate and the adapter ensuring homogeneous illumination within a well region (Figures 2A and 2B). The adapters also ensure negligible

light spillover between neighboring wells (Figure S2). The multiwell plates can be securely clamped down to the setup using a 3D printed adjustable

clamping mechanism, if needed, for example in shaking incubators.

(B and C) (B) Diya communication channel (C) Diya operation protocol. First, the user configures/designs a light induction experiment on Diya GUI which generates

the corresponding pattern file (.tif for static pattern, .gif for dynamic pattern). Then, using HDPlayer application the user sends the pattern file to the D16 receiving

card over Wi-Fi. After saving the file locally, the card automatically starts transmitting the desired pattern to the panel which illuminates its LEDs accordingly.
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For thermal management during light induction operation, we designed and implemented an active air circulation system. The system

comprises a cooling fan attached on the back of the LED panel via a 3D-printed back plate (Figure 1A). This back plate is custom-designed

with vents to allow proper air circulation behind the panel. This measure guarantees optimal dissipation of heat generated by LEDs and driver

chips, mitigating any potential impact on the ambient temperature of the cell cultures that are cultivated on the Diya platform (Figure 2F).

Given the low thermal conductivity of many 3D printing filaments, the 3D-printed well plate adapters serve as an effective insulation barrier,

limiting the transfer of heat from the LED panel to the well plate and enhancing the thermal management strategy. The viability staining re-

sults displayed in Figure 2G demonstrate the effectiveness of the active air circulationmechanism on the Diya platform inmaintaining a viable

environment for cellular proliferation, even under the influence of strong light induction.

The Diya platform comprises commercially available and cost-effective components, as well as a few 3D-printed parts, resulting in a total

cost of less than USD 200. A comprehensive list of components can be found in the Table S1. Assembly is straightforward and can be

completed within an hour using basic tools, such as screwdrivers, without the need for specialized equipment. Additionally, the entire setup,

including the well plates with target cell cultures, can be securely mounted within a humidified cell culture incubator with shaking capabilities

for optimal cellular growth conditions (as depicted in Figure S3).

Enhancing user experience with the Diya GUI: Design and key features

The graphical user interface (GUI) for Diya provides a streamlined and intuitive interface for designing light induction experiments. The

interface is designed to be user-friendly, eliminating the need for coding expertise and offering a wide range of customizable settings
iScience 26, 107862, October 20, 2023 3



A

D

E F G

C

B

Figure 2. Diya characterization

(A and B) Single well (under illumination) images were captured and analyzed for homogeneity. First, the captured images were converted into grayscale format,

and then a circular region, just lying within the well, was marked manually. ImageJ was used to compute mean pixel-intensity and standard deviation within the

circular region. The coefficient of variation was observed to be less than 0.1 (in both 24- and 96-well plates) validating that each well receives homogeneous and

uniform illumination on the Diya platform.

(C and D) With diffuser film placed on top of the well plate adapter, we captured photos of fully illuminated adapters (same digital input in all wells). Blue channel

grayscale values were extracted for further analysis. Using MATLAB scripting, we created circular averaging masks (in pink) over all the wells. First, average pixel

intensities within individual circular masks were computed, which were then used to calculate the mean and standard deviation of all masks. The coefficient of

variationwasobserved tobe less than0.1 inboth the24-well and96-well plateadapters.This implies thatwell-to-well light intensity variation isminimal inDiyaplatform.

(E) Light irradiance measured over a single illuminated well at different light inputs (digital levels). A well in a 24-well plate receives higher irradiance compared to

that in a 96-well plate, possibly due to more illuminating LEDs per well.

(F) Measured temperature of liquid medium in two 96-well plates, first - directly placed on the LED matrix panel, and second - placed on the Diya platform with

active air circulation system and well-plate adapter (Figure 1A), inside a humidified 37�C incubator. All 96 wells of the target plate were continuously illuminated

with maximum light intensity. The thermal management system on the Diya platform robustly maintains the temperature below � 37.5�C, which can rise to over

40�C without the specially-designed adapters and active air circulation mechanism.

(G) Percentage of acquired unstained events observed in the flow cytometry measurements of all 96 cell (HEK293T) cultures in each of the six 96-well plates. The

cells were stained with SYTOX� Blue dead cell stain after 48 h of standard (humidified, 37�C, 5% CO2) cell culture incubation in three configurations. Here, the

three 96-well plates with cells were placed directly on the incubator tray (Control), on the Diya platform with maximum intensity light illumination (Light), on

the Diya platform without light next to the illuminated well plate (Dark). The same experiment was repeated twice - with and without active air circulation

mechanism attached to the LED panel. The thermal management system on Diya platform provide viable conditions for cells under illumination to

proliferate normally. Representative forward and side scatterplots can be viewed in Figure S8.
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and layered functionalities. Users can easily create pattern files in either .tif or .gif format and upload them onto Diya to execute the desired

light induction experiment.

The Diya GUI provides the user with the ability to configure experiments for 6-, 24-, or 96-well plates, and the capability to design simul-

taneous light induction experiments for two plates at the same time. The GUI enables independent selection of individual or groups of wells,

and allows the user to choose from three color options (red with a wavelength of 622 nm, green with a wavelength of 520 nm, and blue with a
4 iScience 26, 107862, October 20, 2023



Figure 3. Diya GUI design

Different features and functionalities in Diya GUI.
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wavelength of 464 nm) and set the desired light intensities for each, as illustrated in Figure 3. Furthermore, the GUI features a separate direct

option for the user to define a desired intensity gradient for the selected group of wells, thus easing the process of designing dose response

experiments for target in vivo process characterization. It also incorporates an elaborate option for designing time-varying dynamic induction

experiments, providing the user with a set of six commonly used time-varying functions (sine wave, triangular wave, squarewave, pulsed-width

modulation (PWM), rising ramp, and falling ramp) and the ability to conveniently define parameters for each such as time-period of periodic

inputs, maximum or minimum intensity, total induction time, and PWM duty cycle.

Inspired by the experiment design protocols proposed in Thomas et al.,49 theDiyaGUI organizes the light induction experiment as amulti-

step induction process (Figure 3). The user can add, delete or modify any number of steps with different configurations. For example, one can

design a 1 h constant light induction step, add another step with PWM induction for 1 h, and then a final step with 1 h rising ramp light in-

duction. The three steps are automatically combined in a single pattern file (.gif format) which can be uploaded onto Diya for the desired

multi-step experiment. By right-clicking on a well and selecting the ‘‘Information’’ option in the dropdown menu, the user can also visualize

all the induction steps stitched together in a time plot with relevant details (Figure S7).

The Diya GUI offers the ability to design custom illumination patterns for well plates or culture dishes using its advanced settings option.

The interface for designing custom patterns resembles a basic digital canvas drawing tool (as depicted in Figure S5). Furthermore, the built-in

multiwell plate illumination patterns can be relocated to any preferred position on the panel via a touch/click interactive interface (as shown in

Figure S6).

Once the configuration and induction steps for an experiment have been designed, the user can export the pattern file in .tif (for single-

step constant light induction) or .gif (for multi-step time-varying light induction) format. For starting the experiment, this file can be uploaded

to Diya over Wi-Fi using free HDPlayer application. The D16 receiving card stores the file in its onboard internal (4GB) memory and transmits

the pattern to the LED panel for illumination whenever the setup is powered ON (Figure 1C). For .gif file generation (export option), the GUI

first converts the induction steps into frames with a 1 FPS (by default) or user-defined FPS (frames per second) setting, and then uses a gif-

converter toolbox to convert those frames into a single .gif file. For configuring a long-duration time-varying experiment, it is preferred to

define a low FPS rate to speed up the frame conversion process.

Furthermore, we are working on adding more functionalities, such as a separate option to design pseudo-time course induction exper-

iments, in future updates of our Diya GUI. Since the complete source code is openly available, any user with a coding know-how in python

can themselves add/customize any further functions, if needed.

Performance characterization of Diya platform with different model organisms

After thoroughly evaluating the technical specifications of the Diya platform (as depicted in Figure 2), we performed extensive experiments to

demonstrate the versatility and potential utility of our proposed device through the use of different optogenetic tools and genetic constructs

in multiple model organisms. These experiments also demonstrate the operability of Diya under a variety of culturing conditions. To achieve

this, we selected five widely used optogenetic tools (Opto-T7RNAP,36 CcaS-CcaR,23 EL222,37 CRY2PHR-CIB138 and GAVPO39) in previously

established bacterial, yeast, and human cell lines.

For Escherichia coli, we utilized a strain engineered with Opto-T7RNAP to expresses the mCherry fluorescent protein.36 This tool consists

of a split T7 RNA polymerase that is fused to the heterodimerizing Magnets, referred to as nMag and pMag, respectively. Upon exposure to

blue light, the Magnets heterodimerize and reconstitute the T7RNAP, enabling the initiation of transcription of the fluorescent reporter
iScience 26, 107862, October 20, 2023 5
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Figure 4. Diya characterization with optogenetic tools in model organisms

(A) An Opto-T7RNAP based circuit topology for light-dependent reporter expression in E. coli.36

(B) The fluorescent output of mCherry after 5 h of continuous induction with different blue light intensities. Experiments were performed with the Diya device with

the target E. coli cells cultured in a 96- as well as 24-well plate.

(C) A CcaS-CcaR based circuit topology23 for light-dependent reporter expression in E. coli. Green light illumination leads to the activation of this optogenetic

system, while the natural dark reversion rate can be accelerated through red light illumination.
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Figure 4. Continued

(D) Left panel: fluorescent output after 6 h of illumination with different intensities of green light. Right panel: fluorescent output after 3 h of green light induction

at 252 a.u. intensity followed by 3 h of different red light intensities. The background fluorescence is shown as a dashed red line.

(E) Input light signal demultiplexer genetic circuit based on EL222 and CRY2PHR-CIB1 optogenetic tools in S. cerevisiae.50 EL2221 = EL222(AQT) EL2222 =

EL222(A79Q), CRY2PHR* = CRY2PHR(W349R).

(F) The expression levels of Venus and mKate2 fluorescent reporters after 6 h of continuous induction with sustained (constant) or pulsed (PWM) blue light inputs

at different light intensities or duty cycles, respectively. In the pulsed light induction case, the ON time light illumination was performed with maximum light

intensity value.

(G) In a 96-well plate culture with S. cerevisiae cell strain (described in (E)), wells forming ETH letters were illuminated with 10% duty-cycle while the other wells

were kept at constant blue light induction for 6 h. Similar to the observed expression levels in (F), mKate2 showed predominant expression with pulsed light

compared to constant light induction while Venus displayed an inverted expression pattern.

(H) A GAVPO-based circuit topology for light inducible mCitrine expression in human cell lines. The light inducible transcription factor GAVPO is encoded

together with mRuby3 via a P2A linker.

(I) The fluorescent output of mCitrine for positively transfected HEK293T and HeLa cells with mRuby3, after 48 h of continuous blue light induction with different

light intensities on the Diya platform. Experimental data are shown as the mean of 3 technical replicates and the standard deviation shown as error bars.
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(Figure 4A). We conducted light intensity titration experiments using cells cultured in both a 96-well plate and a 24-well plate. To provide

suitable growth conditions for the E. coli cell culture, the Diya platform and both culture well plates were secured inside a 37�C shaking incu-

bator using the clamping safeguards available in the Diya design. In both well plates, after 5 h of continuous illumination, the reporter fluo-

rescent intensity increased monotonically with the light intensity (Figure 4B), as previously described in Baumschlager et al.36 The increased

induction observed in the 24-well plate compared to the 96-well plate setup can be attributed to the higher light irradiance measured in the

former plate, especially at high digital input values (Figure 2E).

Further demonstrating the induction feasibility with other LED wavelengths available on Diya platform, we used a previously published

green-red optogenetic tool – CcaS-CcaR system (Figure 4C)23 engineered in an E. coli strain. In this system, green light leads to the phos-

phorylation of CcaS trans-membrane protein, which activates its kinase properties and consequently transfers a phosphate group to CcaR

molecule. Upon phosphorylation, the response element CcaR dimerizes, binds the promoter and initiates transcription of the fluorescent

reporter gene GFPmut3. In the dark, CcaS reverts to its unphosphorylated state. This reversal process is accelerated with red light expo-

sure. In our experiment, the cells were illuminated for 6 h at different green light intensities, resulting in an increased expression of fluo-

rescent reporter with increasing light intensities. Expression saturation was observed at higher illumination intensities (Figure 4D, left). Red

light illumination speeds up the natural dark dephosphorylation of CcaS.23 The unphosphorylated CcaS acts as a phosphatase for CcaR.

We illuminated the system with green light for 3 h at 252 a.u. intensity followed by 3 h of no light or illumination with different intensities of

red light. This exhibited an increased inactivation rate in red light, which is reflected by lower levels of fluorescence output (Figure 4D,

right).

For Saccharomyces cerevisiae, we selected a recently published strain engineered with a gene expression demultiplexer circuit,50 which

integrates two optogenetic tools: mutated variants of EL22237 and CRY2PHR-CIB1,38 and two fluorescent protein reporters Venus and

mKate2. Depending on the dynamics (sustained or pulsed) of input light signals, this circuit design exhibits different reporter expression

patterns, thus acting as a demultiplexer of input signals. Detailed information about the genetic constructs and their design considerations

are available in Benzinger et al.50 Briefly, the yellow fluorescent protein Venus is controlled by a LexA promoter. The DNA binding domain

(DBD), LexA, is fused to CRY2PHR-CIB1(W349R). Upon blue light exposure, CRY2PHR-CIB1(W349R) can heterodimerize with CIB1, which is

fused to the transcriptional activation domain (AD) VP16 (Figure 4E). The Venus reporter protein should therefore monotonically increase

with the light intensity. The red fluorescent protein mKate2, on the other hand, is controlled by two mutated EL222 variants. EL222 homo-

dimerizes upon blue light illumination and enables DNA binding to pEL222. One of the EL222 mutants, EL222(AQT), is fused to the Msn2

AD and has a slower reversion rate back to the inactive monomeric state. The other mutant EL222(A79Q) is fused to the repressing domain

Mig1 and has a faster reversion rate. This genetic design forms a diamond incoherent feedforward loop toward the expression of mKate2

having parallel activation and repression pathways (Figure 4E). The faster reversion of the repressor compared to the activator leads to

more mKate2 expression with pulsed light induction (PWM) and less expression with sustained high light intensity exposure. The expected

expression patterns of Venus and mKate2 reporters were successfully reproduced after 6 h of PWM as well as constant light illumination

with the Diya platform (Figure 4F).

In another experiment with the same S. cerevisiae strain mentioned above, we used 96-well plates for cell culture and created a pattern of

pulsed (PWM) and constant light illumination in different wells using the Diya GUI. Here, wells forming the shape of ETHwere illuminated with

10% duty cycle PWM light and the other wells received constant high intensity light induction. As expected, after 6 h of induction, mKate2

expression was predominantly observed in those ETH-forming wells compared to that in the rest of the wells, while Venus expression ex-

hibited an inverted pattern (Figure 4G). This demonstrates the flexibility of Diya platform in handling both pulsed as well as sustained illumi-

nation patterns in one go, with robust optical isolation between neighboring wells. Similar to the setup in E. coli experiments, Diya platform

and the illuminated well plates were clamped inside a 30�C shaking incubator to perform experiments with S. cerevisiae.

For the human cell lines, we used GAVPO in HEK293T and HeLa cells. GAVPO consists of the DBD GAL4, the light-inducible homodime-

rizing VVD domain and the AD p65. GAVPO was constitutively expressed together with fluorescent protein mRuby3 via a P2A linker (Fig-

ure 4H). Only cells that were expressing mRuby3 after the transient transfection were used in the analysis. Upon blue light illumination,

GAVPO dimerizes, binds to the promoter and initiates transcription of the fluorescent reporter mCitrine. After 48 h of continuous illumination
iScience 26, 107862, October 20, 2023 7
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Figure 5. Diya application in advanced biomolecular controllers

(A) An illustration of AIF biomolecular controller reactions.48 AIF motif involves four reactions (reference, actuation, sensing, and annihilation) with two controller

species Z1 and Z2. Here, the output tracking set-point is determined by the reaction rates m and q.

(B) An in vivo implementation of the optogenetic AIF controller motif. This genetic design builds upon the in vivo controller engineered inmammalian cells by Frei

et al.42 with design modifications to make the sensing reaction light-inducible. Here, we used the optogenetic tool GAV-VPR that dimerizes into its active state

upon blue light exposure. This active molecule then transcribes the antisense mRNA, which enables effective tuning of the sensing reaction rate (q) using light.

The observed output in this design is the sum of all GAV-VPR proteins independent of their dimerization status. The open-loop circuit, as mentioned in the text,

does not have the antisense mRNA plasmid.

(C) This plot shows the output fluorescence compiled from 48 h continuous light induction titration experiments with our in vivo optogenetic AIF controller circuit

using the Diya platform. Increasing the light intensity increases q, which in turn decreases the output of interest, as it tries to track the set-point m/q. The open loop

on the other hand is insensitive to the amount of light. Experimental data are shown as the mean of 3 technical replicates and the standard deviation shown as

error bars.

ll
OPEN ACCESS

iScience
Article
on the Diya platform, both mammalian cell lines showed increasing mCitrine expression in response to increasing blue light induction inten-

sities (Figure 4I). In these experiments, the Diya platform with illuminated well plates was placed in a humidified 37�C 5% CO2 incubator.

The characterization experiments performed provide a clear demonstration of the Diya platform’s capability to support the growth of

different model organisms while inducing the desired response to light illumination. All of these results were consistent with expectations

and provide compelling evidence of the full potential of this device.
Optogenetic set-point control

We further demonstrate an application of optogenetics and the use of Diya in the operation of advanced biomolecular controllers in vivo. In

this regard, we have generated an in vivo optogenetic AIF controller. The AIF motif contains four biomolecular reactions (reference, sensing,

actuation, and annihilation) involving two controller species Z1 and Z2 (Figure 5A).48 Through the interplay of these reactions, the AIF motif

drives the output molecule of interest (XL) to track a set-point defined by the ratio of the reference reaction rate (m) over the sensing gain (q).

This controller motif achieves the stated set-point tracking (with respect to output XL) even in the presence of external disturbances and
8 iScience 26, 107862, October 20, 2023
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parameter (except m and q) variations,48 thus exhibiting robust perfect adaptation (RPA). The optogenetic AIF controller uses light as an input

for reversibly adjusting the set-point without losing its RPA properties.

For our design we selected the recently published in vivoAIF motif designed in mammalian cells by Frei et al.42 andmodified one reaction

to be light-inducible. This controller implementation consists of a sense mRNA (Z1) and its complementary antisense mRNA (Z2), which het-

erodimerize together and forms an inactive complex (annihilation reaction). The mRNA, being constitutively produced (reference reaction),

translates (actuation reaction) the transcription factor (TF) tTA51 fused to themCitrine fluorophore and the asunaprevir (ASV) inducible degra-

dation tag SMASh.52 In our design, we exchanged the TF tTA for GAV-VPR,39 an optogenetic tool. GAV-VPR consists of the truncated dimeric

DNA binding domain (DBD) Gal4 (without the native dimerization domain), the light-inducible dimerizing domain VVD and the activation

domain (AD) VPR. Upon blue light exposure, GAV-VPR dimerizes and initiates the transcription (sensing reaction) of the antisense mRNA

(Z2), thus closing the feedback loop. The observed output (XL) in this circuit is the sum of all GAV-VPR molecules independent of their dimer-

ization status. An illustration of this circuit design is shown in Figure 5B.

In this closed-loop scheme, blue light induction shifts the ratio of the observed output toward its active dimeric state, and thus determines

the sensing reaction rate by governing q. This also defines the output set-point (m=q, Figure 5A). We induced this in vivo circuit (transfected in

HEK293T cells) with different blue light intensities continuously for 48 h on the Diya platform, and observed the steady-state mCitrine fluo-

rescence (which is a proxy for the output molecule XL). The same induction experiment was performed with the same circuit but without the

plasmid encoding the antisense mRNA; this removes the feedback pathway and acts as an open-loop system. As observed in Figure 5C, the

output fluorescence at steady-state is negatively correlated with the input light intensity. This implies that the output set-point of our pro-

posed optogenetic AIF circuit can indeed be varied by applying different light intensities. Moreover, this variation is not observed in the

open-loop circuit design, which validates the working of our closed-loop implementation.

To further investigate our proposed circuit design, we performed another set of experiments with added ASV (asunaprevir) drug in the cell

culture media. ASV emulates a disturbance source to the controller operation as it increases the degradation rate of newly formed GAV-VPR

(Figure 5B). This results in a decrease in the steady-state output fluorescence which is evident in the open-loop case as shown in the Fig-

ure S1E. However, this disturbance was noticeably rejected in the closed-loop design, thus validating the RPA property of our proposed anti-

thetic controller implementation (Figure S1). A compelling observation on the relationship between the degree of RPA and input light inten-

sity, in the presence of biological limitations, is briefly discussed in the supplementary Section S2.
DISCUSSION

In this work, we designed a cell culture light illumination platform – Diya – compatible with multiwell plates and culture dishes. Owing to high

density RGB LEDmatrix panel in its design, Diya enables light induction with three wavelengths (red, green and blue) in a plethora of different

well plates or dishes of diverse shapes and sizes. With a multitude of optogenetic tools being developed and employed in different synthetic

biology applications, there is a need for versatile illumination platforms capable of handling different experimental requirements. Diya incor-

porates many of those requirements in a single, easy-to-assemble, and user-friendly platform.

As the optogenetic applications are evolving over time, many studies demand targeting cell cultures with different light intensity profiles.

In a recent study by Benzinger et al.,50 it has been shown that one can induce different cellular responses by illuminating the culture with

pulsed light profile vs. sustained constant light. Sustained light illumination at higher intensities results in excessive heat dissipation from

LEDs and associated electronic components. Inspired from technologies previously demonstrated in the literature, Diya incorporates dedi-

cated design elements for active air circulation in the setup, thus limiting the adverse thermal effects on the target cell culture under sustained

illumination. The stable growth conditions bestowed by the Diya platform make it suitable for a wide range of model organisms and appli-

cations, as demonstrated in this work.

These optogenetic applications and tool-developments are mostly carried out in biology labs, which usually lack access to the necessary

hardware and software engineering expertise and resources. Advanced light delivery platforms (such as microscope-coupled platforms20)

are, in general, sophisticated machines, built on suitable optics, mechatronics and software technologies. Besides, they are also expensive

to build and maintain, and offer limited throughput. These are major hurdles in expanding the use of optogenetic tools in various potential

applications such as simple characterization and tool-optimization studies. Diya expands the inventory of high-throughput devices that

embody inexpensive and simple hardware-software design elements. It is modular and easily serviceable, if needed, without requiring dedi-

cated hardware engineering expertise and tools. Furthermore, one can design a wide variety of dynamic (time-varying) or static (constant)

illumination experiments simply by clicking intuitive buttons provided on the Diya GUI without requiring any prior software training or coding

skills. With the touch/click-based interactive interface, a user can choose different built-in well plate options, select individual or groups of

wells for induction, decide light illumination intensities for selected wells, create gradient illumination patterns across selected wells, or

design dynamic (e.g., sine wave, PWM, etc.) illumination patterns.

Although we targeted a given set of commonly-used multiwell plates in the design of Diya’s peripherals, such as the plate-adapter, the

modular hardware architecture of Diya allows one to easily exchange the dedicated parts without affecting the overall operation. In addition,

the Diya GUI software has been developed with an open-source paradigm. If required, additional features can be incorporated into the GUI

by easily appending and compiling the provided source code.

While developing various modalities of the Diya optogenetic platform, we also delved into the potential application of optogenetics in

advanced biomolecular controller design. In this regard, we developed a light-controlled version of the RPA-achieving antithetic integral

controller, and implemented the controller circuit in a human cell line. Using Diya as our light illumination device targeting our optogenetic
iScience 26, 107862, October 20, 2023 9
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controller design, we demonstrated how one can vary the in vivo controller parameters by simply varying the light illumination intensity. This

design can be applied for the rapid characterization of biomolecular controllers. Furthermore, we envision that such circuits will find wide-

spread application in biotechnological or biomedical applications, which require robust temporal control over cellular processes. Optoge-

netic antithetic integral controllers such as the one proposed here could be applied in regulating stem cell differentiation, where certain mor-

phogens have to be robustly maintained for a specific time window. Since light can be applied in a localized fashion, this light-inducible

controller design methodology could be further employed in studies related to pattern formation and tissue engineering.

In conclusion, with Diya we aim to lower the entry barrier and bring optogenetics within a more accessible and affordable range for ac-

ademic research labs, while not compromising with the quality standards of experimentation. It is worth emphasizing that Diya offers previ-

ously stated essential features while still being an easy-to-assemble and easy-to-use platform. The assembly parts of Diya are either inexpen-

sive and readily available off-the-shelf components (LED panel and receiving card) or simple 3D-printable items (well plate adapter, panel

back plate, and mounting parts). The assembly process requires minimal engineering expertise without needing any specialized tools or

equipment. The intuitive GUI design renders the programming of light induction experiments an effortless and fun task requiring no coding

skills. We strongly believe that these salient features associated with Diya deem it suitable for widescale adoption in biology labs pursuing

optogenetics research.
Limitations of the study

Diya incorporates a modular and modifiable design, intended to be developed or modified further to cater to broader optogenetic appli-

cations. In this study, all the experiments were performedwith 24- and/or 96-well plates. The well plate adapter designs provided in this paper

are suited for the specific multiwell plate types mentioned in the STAR methods section. For any other culture plate, one needs to test and, if

required, modify the well plate adapter design accordingly.

The core design element in our proposedDiya platform is the RGB LEDmatrix panel. This panel has fixedminiaturized RGB LEDs arranged

in such a way that all three – red, green and blue – light sources are located within LED compartments (Figure S4). These LED compartments

are distributed evenly in a 2-D grid with a 3 mmpitch between them. This pitch is suitable for multiwell plates with 96 (SBS standard format) or

lower number of wells (having larger well diameter). Furthermore, it is not possible to change LEDs in these RGB LED panels. So, optogenetic

induction experiments are limited to three fixed wavelengths (622, 520, and 464 nm). Although limited to fixed multiwell plate types, some

other light induction devices, for example LPA,31 offer the flexibility of exchanging LEDs, thus cater to wider optogenetic induction wave-

lengths. These devices can also be fitted with higher power LEDs providing higher induction intensities compared to that on Diya.

The Diya GUI is also developed as an open-source and easily updatable software. The current version of the software provided with this

study does not incorporate a dedicated option for setting up pseudo-time course experiments, which could be useful in dynamic optogenetic

induction studies. The frame rate for setting up dynamic induction profiles is fixed in the current version. This might lead to higher consump-

tion of memory space while creating dynamic pattern files for longer duration experiments. One can easily compile the GUI software source

code with a different frame rate value, if needed. We intend to add additional subtle features, and further improve the functionality of Diya

GUI in future released versions.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BW25113 attB::lacYA177C-kanR(AB360);

PlacI-lacI-PT7- mCherry-ColE1-ampR

(pAB50,Addgene#101678);ParaB*-

T7RNAP1-563::GGSGG::nMagHigh1-rrnBT1-

ParaB*�T7g10(50UT R) - pMag::GGSGG::

T7RNAP(R632S)564-883-pSC101-camR

(pAB150,Addgene #101661)

Baumschlager et al.36 AB363

E. coli JT2 DmetE::FRT Tn7::FRT-PcpcG2D59-metE,

kanR (SKA974, Addgene #80381); PcpcG2D59

RBS3-gfpmut3-PccaR RBS-ccaR::FLAG-ccaS::

FLAGColE1-camR (pSKA413, Addgene #80403);

Plac/ara�1-ho1-pcyA-specR (pPLPCB(S))

Milias-Argeitis et al.23; Tabor et al.40 SKA988

S. cerevisiae BY4741;his3D::pr5xBS-CYC180-

Kozak-mKate2-tADH1t-HIS3MX (pDB60);

URA3::prRPL18B-Msn2AD-EL222(AQT)-tENO2;

prTDH3-Mig1RDEL222(A79Q)-tPGK1(pYTKmk90);

LEU2::prRPL18B-VP16AD-CIB1- tPGK1–prRPL18B-

LexA-CRY2PHR(W349R)-tENO2–prLexACYCmin -

Venus-tADH1(pSO41)

Benzinger et al.50 DBY183

Experimental models: Cell lines

HEK293T ATCC CRL-3216

HeLa ATCC CCL-2

Recombinant DNA

EF1a GAV-VPR-mCitrine-SMASh lateSV40polyA This laboratory SA31

5xpUAS inverse(GAV-VPR-mCitrine-SMASh) lateSV40polyA This laboratory SA47

pUAS mCitrine lateSV40polyA This laboratory CH322

EF1a GAVPO P2A mRuby3 lateSV40polyA This laboratory CH607

empty backbone This laboratory GLM171

EF1a miRFP670 lateSV40polyA This laboratory TF138

Software and algorithms

Diya GUI This study https://github.com/santkumar/diya

Other

64x64 P3 outdoor full color LED module (Coreman) Alibaba N/A

LED module/panel AC/DC power adapter (5V, 10A) DigiKey 1528-1519-ND

Power connector for LED panel

(female 5.5 mm, 2.1 mm axial)

Conrad TC-7227460

HD-D16 receiving card (HUIDU) Alibaba N/A

Receiving card AC/DC power adapter (5V, 1A) Farnell VEL05US050-EU-JA

Wired power connector for receiving card

(female 5.5 mm, 2.1 mm axial)

Conrad 072062

DC cooling fan 5V Distrelec 109R0605H402

Screws - M4, length 20 mm, head diameter <8 mm Distrelec BN 610 M4X20MM

Screws - M4, length 35 mm, head diameter <8 mm Digitec 94574

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Wing or butterfly screws - M4, thread length 20 mm SFS 151884

Standard hexagonal nuts - M4 Bossard BN 630

Back plate 3D printed N/A

Well plate adapter (3D printed) 3D printed N/A

Stands (3D printed) 3D printed N/A

Well plate clamper (3D printed) 3D printed N/A

Side clamps (3D printed) 3D printed N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mustafa Kham-

mash (mustafa.khammash@bsse.ethz.ch).

Materials availability

Plasmids generated in this study are available on request.

Cell lines generated in this study are available on request.

This study did not generate new unique reagents.

A complete assembly instruction together with related design files are available in this GitHub repository: https://github.com/

santkumar/diya.

Data and code availability

� All reported data in this paper will be shared by the lead contact upon request.
� All original code has been deposited at GitHub repository (https://github.com/santkumar/diya) and is publicly available as of the date

of publication. The Diya GUI URL is listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T (ATCC, strain number CRL-3216) and HeLa (ATCC, strain number CCL-2) cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% FBS, 1x GlutaMAX, 1mmSodium Pyruvate, penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37+ Cwith

5% CO2. The cell culture was detached with Trypsin-EDTA and split every 2 to 3 days into a fresh T25 flask. The cell suspension generated

during the passaging was used for the transfection.

Escherichia coli cells were grown in M9medium supplemented with 0.2% casamino acids, 0.4% glucose, 0.001% thiamine, 0.00006% ferric

citrate, 0.1 mM calcium chloride, 1 mM magnesium sulfate, and 20 mg/mL uracil, and incubated in an environmental shaker at 37�C with

shaking at 230 rpm. Antibiotics were used at the following concentrations: ampicillin (amp), 100 mg/mL; kanamycin (kan), 40 mg/mL; chloram-

phenicol (cam), 34 mg/mL; spectinomycin (spec), 100 mg/mL.

Saccharomyces cerevisiae cells were grown in synthetic medium (SD, LOFLO yeast nitrogen base, 5 g/L ammonium sulfate, 2% glucose,

and pH adjusted to 6.0), and incubated in an environmental shaker at 30�C with shaking at 180 rpm.

METHOD DETAILS

Light intensity measurement

Light irradiance, reported in Figure 2E, was measured by using a microscope slide photodiode sensor (S170C, Thorlabs) with a power meter

interface (PM100USB, Thorlabs). One well of the 96- or 24-well plate adapter was illuminated with different light inputs (digital levels). The

corresponding irradiance was measured by placing the photodiode sensor face down (sensing area facing the adapter well) on top of the

adapter with a diffuser film sandwiched in between.

Temperature measurement

Temperaturemeasurements in Figure 2F were taken by using a sensitive thermometer (Greisinger G1202-GTF300). All wells of a 96-well plate

were filled with DMEM medium, and the plate was then placed either directly on the LED matrix panel (power unplugged) or on the un-

plugged Diya platform (LED panel attached with the proposed thermal management system) inside a humidified 37�C cell culture incubator.

The two wired thermometer probes were carefully dipped in the medium in wells E7 (center) and H12 (corner) of the well plate. The incubator
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door was closed with the thermometer wires passing through the door rubber seal and connecting to the display module outside. The setup

was left untouched for 2 h for the temperature of the medium in the well-plate to stabilize around 37�C (incubation temperature). After 2 h of

incubation, the LED panel was plugged in and all the wells were illuminated with maximum light intensity. Measurements from two probes

were recorded manually every 15 min for the next 2 h.
Plasmid construction

Amammalian adaptation of themodular cloning (MoClo) yeast toolkit standard53 was used for assembling the gene fragments into plasmids.

The individual gene fragments were amplified by PCR (Phusion Flash High-Fidelity PCR Master Mix; Thermo Scientific). All enzymes used in

the golden gate assembly were obtained from New England Biolabs (NEB). The plasmids were chemically transformed into E. coli Top10

strains and isolated using ZR Plasmid Miniprep-Classic (Zymo Research). A list of all plasmids can be view in the Table S3.
Mammalian cell culture (HEK293T and HeLa)

HEK293T (ATCC, strain number CRL-3216) and HeLa (ATCC, strain number CCL-2) cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM; Gibco) supplemented with 10% FBS (Sigma-Aldrich), 1x GlutaMAX (Gibco), 1 mm Sodium Pyruvate (Gibco), penicillin (100 U/mL), and

streptomycin (100 mg/mL) (Gibco) at 37+ with 5%CO2. The cell culture was detachedwith Trypsin-EDTA (Gibco) and split every 2 to 3 days into

a fresh T25 flask (Axon Lab). The cell suspension generated during the passaging was used for the transfection.
Transfection (HEK293T and HeLa)

The cell density within the cell suspension was obtained with the automated cell counter Countess II FL (Invitrogen). 260000 cells were seeded

with a volume of 100 mL DMEM (lacking penicillin and streptomycin) in each well of the black CELLSTAR 96 well mClear plate (Greiner). For the

AIF controller experiments, themedium contained in addition 11 nMAsunaprevir dissolved in DMSO (Sigma-Aldrich) (disturbed) or the equiv-

alent amount of DMSO. After 24 h theHEK293T cells were transfectedwith a Polyethylenimine (PEI) ‘‘MAX’’ (MW40000; Polysciences, Inc.) at a

1:3 (mgDNA to mg PEI) ratio inOpti-MEM I (Gibco). The HeLa cells were transfected with Lipofectamine 2000 (Thermo Fisher Scientific) at a 1:3

(mgDNA to mL Lipofectamine 2000) ratio inOpti-MEM I (Gibco). The transfectionmixture was incubated for about 20min and then 10 mL with a

total of 100 ng of DNAwere transferred per well. After the transfection, the plate was immediately put on the Diya. The transfection tables can

be found in the Tables S4 and S5.
Viability staining

After 48 h of continuous light induction onDiya, cells were washed by PBS and detached in 53 mL Accutase solution (Sigma-Aldrich) containing

1 mMSYTOX� Blue dead cell stain (Thermo Fisher Scientific) per well and put on the Eppendorf ThermoMixer C at 25 �C at 700 rpm for 20min

(Figure 2G). The data collection was performed on the Beckman Coulter CytoFLEX S flow cytometer with the 405 nm excitation with a 450/45

bandpass filter. The data was processed on the CytExpert 2.3 software.
Flow cytometry (HEK293T and HeLa)

After 48 h of continuous light induction on Diya, cells were detached with 53 mL Accutase solution (Sigma-Aldrich) per well and put on the

Eppendorf ThermoMixer C at 25 �C at 700 rpm for 20 min. The data collection was performed on the Beckman Coulter CytoFLEX S flow cy-

tometer with the 488 nm excitation with a 525/40+OD1 bandpass filter and the 638 nm excitation with a 660/10 bandpass filter. The data was

processed on the CytExpert 2.3 software.
Light induction experiment (E. coli)

Escherichia coli cells were grown in M9 medium supplemented with 0.2% casamino acids, 0.4% glucose, 0.001% thiamine, 0.00006% ferric

citrate, 0.1 mM calcium chloride, 1 mMmagnesium sulfate, and 20 mg/mL uracil (Sigma-Aldrich Chemie GmbH), and incubated in an environ-

mental shaker (New Brunswick) at 37�C with shaking at 230 rpm. Antibiotics (Sigma-Aldrich Chemie GmbH) were used at the following con-

centrations: ampicillin (amp), 100 mg/mL; kanamycin (kan), 40 mg/mL; chloramphenicol (cam), 34 mg/mL; spectinomycin (spec), 100 mg/mL.

E. coli strain AB363 (Opto-T7RNAP system and mCherry fluorescent protein reporter,36 (Table S2) was used for the blue light induction

titration experiment. A 5mL aliquot ofM9medium (containing appropriate antibiotics) in a light-proof tube (Greiner, #188280) was inoculated

with AB363 from a glycerol freeze stock. The culture was incubated overnight in the dark to stationary phase at 37�C, 230 rpm. The overnight

culture was diluted 1:20,000 into freshM9medium immediately before starting the experiment. Diluted cells were induced with light in either

a black, clear bottom 96-well plate (mClear CELLSTAR, Greiner, #655090) or a black, clear bottom 24-well plate (PerkinElmer, #1450-606) and

sealed with a BREATHseal film (Greiner) and plastic lid. 200 mL of culture was incubated per well of the 96-well plate and onemL of culture was

incubated per well of the 24-well plate. Cultures were induced with constant blue light (464 nm) at different intensities for 5 h (37�C, 230 rpm)

before stopping transcription and translation with rifampicin and tetracycline and maturing the mCherry reporter as previously described.36

mCherry fluorescence was measured on a CytoFlex S flow cytometer (Beckman Coulter) with a 561 nm laser and 610/20 band-pass filter; the

gain settings were as follows: forward scatter 100, side scatter 100, mCherry 300. Thresholds of 2,500 FSC-H and 1,000 SSC-Hwere used for all

samples. At least 50,000 events were recorded and cells were manually gated on an FSC- H/SSC-H plot corresponding to the experimentally
iScience 26, 107862, October 20, 2023 15
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determined size of the testing strain at logarithmic growth and was kept constant for analysis of all samples using CytExpert Software (Beck-

man Coulter).

E. coli strain SKA988 (CcaS-CcaR system andGFPmut3 fluorescent protein reporter, Table S2)23 was used for the red/green light induction

titration experiment. For this system, it is important that the cells are kept in exponential phase both before and during light induction. A 5mL

aliquot of M9 medium (containing appropriate antibiotics) in a light-proof tube was inoculated with SKA988 from a glycerol freeze stock at a

starting optical density at 600 nm (OD600) of 2x10�8. The culture was incubated overnight in the dark at 37�C, 230 rpm for 10.5 h to an OD600

lower than 0.1. The exponential phase culture was then diluted to an OD600 of 0.00001 in fresh M9 medium immediately before starting the

light induction experiment. Diluted cells were inducedwith light in a black, clear bottom 96-well plate (200 mL culture per well) and sealed with

a BREATHseal film and plastic lid. Cultures were incubated at 37�C, 230 rpm and induced with 6 h of constant green light (520 nm) at different

intensities or with 3 h of constant green light with an intensity of 252 a.u. followed by 3 h of constant red light (622 nm) at different intensities.

After 6 h of illumination, transcription and translation was stopped with rifampicin and tetracycline36 and GFPmut3 was matured for 1 h at

37�C. GFPmut3 fluorescencewasmeasured on a CytoFlex S flow cytometer (BeckmanCoulter) with a 488 nm laser and 525/40 bandpass filter;

the gain settings were as follows: forward scatter 100, side scatter 100, GFPmut3 100. Thresholds of 2,500 FSC-H and 1,000 SSC-H were used

for all samples. At least 50,000 events were recorded and cells were manually gated on an FSC-H/SSC-H plot corresponding to the exper-

imentally determined size of the testing strain at logarithmic growth and was kept constant for analysis of all samples using CytExpert Soft-

ware (Beckman Coulter).
Light induction experiment (S. cerevisiae)

Saccharomyces cerevisiae cells were grown in synthetic medium (SD, LOFLO yeast nitrogen base (ForMedium), 5 g/L ammonium sulfate, 2%

glucose, and pH adjusted to 6.0). A previously-published S. cerevisiae strain DBY183 (Table S2)50 was used in the light amplitude and pulse-

widthmodulation experiments. Cell culture in 3mL freshmediumwere started fromglycerol freeze stock and grown overnight in a light-proof

tube (Greiner, #188280) placed in a shaking (180 RPM) 30�C incubator. The OD600 was maintained lower than 0.4. Before starting the exper-

iment, the overnight cultures were diluted to an OD600 of 0.01 using fresh SDmedium, and 200 mL of the diluted culture was pipetted in each

well of black, clear bottom 96-well plate (mClear CELLSTAR, Greiner, #655090). The plate was then placed on the Diya platform, and blue light

(464 nm) illumination with different intensities or different pulsed-width modulation duty cycle was started immediately. After 6 h of illumina-

tion, cell samples were collected and incubated in SD medium with 0.1 mg/mL cycloheximide for 3 h in 30�C incubator.50 This allowed full

maturation of the fluorescent proteins in vivo. All the samples were then analyzed using a CytoFlex S flow cytometer (Beckman Coulter)

for RFP (561 nm exciation laser and 585/42 emission filter) and YFP (488 nm excitation laser and 525/40 emission filter) fluorescence intensities.

Following gain settings were used: forward scatter 100, side scatter 100, YFP 82, RFP 145. At least 2000 events were recorded and cells were

manually gated on forward scatter vs. side scatterplot as described in Benzinger et al.50 Gated cells were analyzed for mean and standard

deviation values using CytExpert Software (Beckman Coulter). For qualitative plotting (Figure 4F), negative mean values (due to default in-

strument corrections) were replaced with zeroes.
QUANTIFICATION AND STATISTICAL ANALYSIS

Details of statistical analysis are mentioned in the corresponding figure legends. Data represent mean G standard deviation.
ADDITIONAL RESOURCES

Diya - assembly instructions and GUI details

All design files and detailed instructions for assembling aDiya platform are provided in theGitHub repository: https://github.com/santkumar/

diya. GUI stable releases and source codes are also maintained in the same repository.
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