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SUMMARY: 27 

Reliably controlling light-responsive mammalian cells requires the standardization of optogenetic 28 

methods. Toward this goal, this study outlines a pipeline of gene circuit construction, cell 29 

engineering, optogenetic equipment operation, and verification assays to standardize the study 30 

of light-induced gene expression using a negative-feedback optogenetic gene circuit as a case 31 

study. 32 

 33 

ABSTRACT: 34 

Reliable gene expression control in mammalian cells requires tools with high fold change, low 35 

noise, and determined input-to-output transfer functions, regardless of the method used. 36 

Toward this goal, optogenetic gene expression systems have gained much attention over the past 37 

decade for spatiotemporal control of protein levels in mammalian cells. However, most existing 38 

circuits controlling light-induced gene expression vary in architecture, are expressed from 39 

plasmids, and utilize variable optogenetic equipment, creating a need to explore characterization 40 

and standardization of optogenetic components in stable cell lines. Here, the study provides an 41 

experimental pipeline of reliable gene circuit construction, integration, and characterization for 42 

controlling light-inducible gene expression in mammalian cells, using a negative feedback 43 

optogenetic circuit as a case example. The protocols also illustrate how standardizing optogenetic 44 

Manuscript Click here to access/download;Manuscript;62109_R3.docx

mailto:michael.guinn@stonybrookmedicine.edu
mailto:damiano.coraci@stonybrook.edu
mailto:oleksandra.romanyshyn@stonybrook.edu
mailto:michael.guinn@stonybrookmedicine.edu
https://www.editorialmanager.com/jove/download.aspx?id=1343065&guid=afe01bbe-3fb7-4a59-9170-9cdce7a4a8ce&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1343065&guid=afe01bbe-3fb7-4a59-9170-9cdce7a4a8ce&scheme=1


equipment and light regimes can reliably reveal gene circuit features such as gene expression 45 

noise and protein expression magnitude. Lastly, this paper may be of use for laboratories 46 

unfamiliar with optogenetics who wish to adopt such technology. The pipeline described here 47 

should apply for other optogenetic circuits in mammalian cells, allowing for more reliable, 48 

detailed characterization and control of gene expression at the transcriptional, proteomic, and 49 

ultimately phenotypic level in mammalian cells. 50 

 51 

INTRODUCTION: 52 

Similar to other engineering disciplines, synthetic biology aims to standardize protocols, allowing 53 

tools with highly reproducible functions to be utilized for exploring questions relevant to 54 

biological systems1,2. One domain in synthetic biology where many control systems have been 55 

built is the area of gene expression regulation3,4. Gene expression control can target both protein 56 

levels and variability (noise or coefficient of variation, CV = σ/μ, measured as the standard 57 

deviation over the mean), which are crucial cellular characteristics due to their roles in 58 

physiological and pathological cellular states5–8. Many synthetic systems that can control protein 59 

levels and noise4,9–12 have been engineered, creating opportunities to standardize protocols 60 

across tools. 61 

 62 

One novel set of tools that can control gene networks that has recently emerged is optogenetics, 63 

enabling the use of light to control gene expression13–17. Similar to their chemical predecessors, 64 

optogenetic gene circuits can be introduced into any cell type, ranging from bacteria to 65 

mammals, allowing expression of any downstream gene of interest18,19. However, due to the 66 

rapid generation of novel optogenetic tools, many systems have emerged that vary in genetic 67 

circuit architecture, mechanism of expression (e.g., plasmid-based vs. viral integration), and light 68 

supplying control equipment11,16,20–25. Therefore, this leaves room for standardization of 69 

optogenetic features such as gene circuit construction and optimization, method of system 70 

utilization (e.g., integration vs. transient expression), experimental tools used for induction, and 71 

analysis of results. 72 

 73 

To make progress on standardizing optogenetic protocols in mammalian cells, this protocol 74 

describes an experimental pipeline to engineer optogenetic systems in mammalian cells using a 75 

negative feedback (NF) gene circuit integrated into HEK293 cells (human embryonic kidney cell 76 

line) as an example. NF is an ideal system to demonstrate standardization since it is highly 77 

abundant26–28 in nature, allowing protein levels to be tuned and noise minimization to occur. In 78 

brief, NF allows for precise gene expression control by a repressor reducing its own expression, 79 

thereby limiting any change away from a steady state. The steady state can be altered by an 80 

inducer that inactivates or eliminates the repressor to allow for more protein production until a 81 

new steady state is reached for each inducer concentration. Recently, an engineered NF 82 

optogenetic system was created that can produce a wide-dynamic response of gene expression, 83 

maintain low noise, and respond to light stimuli allowing the potential for spatial gene expression 84 

control11. These tools, known as light-inducible tuners (LITers), were inspired by earlier systems 85 

that allowed gene expression control in living cells4,10,29,30 and were stably integrated into human 86 

cell lines to ensure long-term gene expression control. 87 

 88 



Here, using the LITer as an example, a protocol is outlined for creating light-responsive gene 89 

circuits, inducing gene expression with a Light Plate Apparatus (LPA, an optogenetic induction 90 

hardware)31, and analyze responses of the engineered, optogenetically-controllable cell lines to 91 

custom light stimuli. This protocol allows users to utilize the LITer tools for any functional gene 92 

they wish to explore. It can also be adapted for other optogenetic systems with diverse circuit 93 

architectures (e.g., positive feedback, negative regulation, etc.) via integrating the methods and 94 

optogenetic equipment outlined below. Similar to other synthetic biology protocols, the video 95 

recordings and optogenetic protocols outlined here can be applied in single-cell studies in diverse 96 

areas, including but not limited to cancer biology, embryonic development, and tissue 97 

differentiation. 98 

 99 

PROTOCOL: 100 

 101 

1. Gene circuit design 102 

 103 

1.1. Select genetic components to combine into a single gene circuit/plasmid (e.g., 104 

mammalian DNA integration sites32, light-responsive elements33, or functional genes34). 105 

 106 

1.2. Using any genetic engineering and/or molecular cloning software, store the DNA 107 

sequences for later use and reference, annotate each sequence, and examine all the necessary 108 

features (e.g., START codons, regulatory, or translated sequences)35. 109 

 110 

1.3. Develop or adopt parts according to the overall gene circuit design36. As an example, for 111 

optogenetic repressors as in the LITers11, fuse a gene sequence coding for a domain capable of 112 

light-inducible degradation37,38 or inactivation of a repressor’s DNA binding ability39, adjacent to 113 

and in the frame of the repressor gene (e.g., TetR)4.  114 

 115 

1.3.1. For optogenetic activators, ensure the presence of an activator domain40 that promotes 116 

gene expression upon light-induced DNA binding41. For negative or positive autoregulation, 117 

ensure the presence of a regulatory binding site in the regulator gene’s promoter (e.g., tetO sites 118 

in the TetR expressing promoter)42. 119 

 120 

1.4. Design the primers for DNA sequence amplification or sequencing of the plasmid using 121 

the molecular cloning software for each gene circuit. 122 

 123 

1.5. Validate the primers computationally for plasmid construction through the built-in 124 

molecular cloning software features (e.g., sequence alignment). 125 

 126 

1.6. Order oligonucleotide primers from the manufacturer. Plasmids constructed and used in 127 

this work can be found in the original supporting material11 along with the primers designed and 128 

used. 129 

 130 

1.7. Dilute the primers to 100 mM stock concentration in double-distilled water (ddH2O). 131 

 132 



1.8. Dilute the stock of 100 mM stock primers to 10 mM concentration for PCR. 133 

 134 

1.9. Prepare the PCR mix with 1 μL of forward primer, 1 μL of reverse primer, 1 μL of template 135 

DNA to a total mass of 0.5–500 ng for genomic or 0.5 pg–5 ng for plasmid or viral DNA, 12.5 μL 136 

of DNA polymerase 2x master mix (or the volume that satisfies the manufacturer’s dilution 137 

factor), and 9.5 μL of ddH2O for a total reaction of 25 μL. 138 

 139 

1.10. Incubate in a thermocycler at appropriate settings depending on the enzyme chosen43. 140 

Suggested reaction cycles include: 141 

Step 1: One cycle of 30 s initial denaturation step at 95 °C. 142 

Step 2: 40 cycles of 5 s of denaturation step at 98 °C. 143 

Step 3: One cycle of 30 s of annealing step at 65 °C (determined by primers designed earlier). 144 

Step 4: One cycle of 1 min of extension at 72 °C (~1 kilobase (kb) template fragment length). 145 

Step 5: One cycle of a 2 min extension at 72 °C. 146 

Hold the reaction at 4 °C until it can be tested via gel electrophoresis. This protocol will vary 147 

depending on the reagents used (e.g., polymerase and buffers). 148 

 149 

1.11. Repeat step 1.9 to amplify all the fragments to be used in a DNA assembly reaction 150 

required for linking linear PCR products into a single circular DNA vector. 151 

 152 

1.12. Run the PCR products on a 1% agarose gel followed by purifying the bands of the desired 153 

length. 154 

 155 

1.13. Prepare the master mix for a DNA assembly reaction (Table 1). 156 

 157 

NOTE: In this example, the mother-vector is split into two fragments to increase the efficiency of 158 

the PCR steps without causing significant changes to the overall assembly outcome. 159 

 160 

1.14. Incubate the DNA assembly reaction master mix in a thermocycler at 50 °C for 1 h (unless 161 

otherwise specified in DNA assembly reagent protocol) and store the reaction at 4 °C to use the 162 

reaction product for bacterial transformation. 163 

 164 

1.15. Set up bacterial transformation (chemical or electroporation) using competent E. coli 165 

(Escherichia coli) cells and the corresponding bacterial transformation protocol. After 166 

transformation, use the bacterial Luria-Bertani (LB) agar plates containing the chosen bacterial 167 

selection marker (e.g., Ampicillin) to plate the transformation mix. Incubate the plates at 37 °C 168 

overnight44. 169 

 170 

1.16. Check the plates the following day. To inoculate the colonies, pick individual colonies from 171 

the plates and resuspend them in a liquid LB broth with the corresponding bacterial selection 172 

marker in culture tubes. Incubate in a shaker incubator at 37 °C, 300 rpm overnight. 173 

 174 

1.17. Perform plasmid preparation protocol to extract the plasmid DNA from the bacterial 175 

culture. 176 



 177 

1.18. Validate the circuit in two steps. First, perform a test digestion using restriction enzymes 178 

as a crude verification to see whether the approximate plasmid product was obtained. Second, if 179 

the test digestion is passed/confirmed, submit the plasmid to a Sanger sequencing facility (or 180 

process using the available equipment) to obtain the precise DNA sequence to compare it to the 181 

expected sequence in the design software later. 182 

 183 

1.18.1. To perform test digestion, select at least two restriction enzymes that produce at least 184 

two fragments, based on the molecular cloning software used. Once enzymes are selected, 185 

prepare the test samples by adding 1 μL of each enzyme, 5 μL of the generated DNA, and 13 μL 186 

of water with appropriate salts and buffers depending on the enzymes used. Incubate the 187 

reaction at 37 °C for 1 h, or as the enzyme manufacturer suggests. Run the test digestion products 188 

on a 1% agarose gel and determine whether the bands are correct.  189 

 190 

NOTE: If the bands are correct, proceed to sequencing. 191 

 192 

1.18.2. To perform sequencing, generate primers based on the DNA stored in the software so 193 

that the annealing regions of the primers are about 500 bp (base pairs) apart and cover the 194 

fragment of interest (gene circuit component) or the full plasmid. Dilute the primers with pure 195 

nuclease-free water (NF-H2O) to 10 mM concentration. Prepare the sequencing samples by 196 

adding 1 μL of 10 ng/μL DNA, 1 μL of primer, and 8 μL of NF-H2O to a 0.2 mL tube. Repeat this for 197 

each primer.  198 

 199 

NOTE: When samples are prepared, drop them off at the sequencing facility and analyze the 200 

results with plasmid sequence using molecular cloning software. 201 

 202 

1.19. At this step, generate approximately 100–1000 ng/μL of DNA sample for integrating the 203 

plasmids containing gene circuits into the appropriate cell line. 204 

 205 

2. Stable cell line engineering 206 

 207 

2.1. Order a mammalian cell line designed for rapid generation of stable sub-lines that ensure 208 

high-level expression of the protein of interest from a mammalian expression vector. The cell 209 

type can be variable, and the ease of cell line engineering can also be variable depending on what 210 

the users prefer.  211 

 212 

2.1.1. For example, if users prefer cell line engineering with minimal intermediate steps, order 213 

the cells that contain a single stable integration site (e.g., FRT) at a transcriptionally active 214 

genomic locus. If more nuanced cell engineering is preferred, create integration sites at preferred 215 

locations using genetic engineering tools such as Cas9. 216 

 217 

2.2. Grow cells in 5% CO2 in humidified air at 37 °C. Adjust growth conditions as needed for 218 

the cell type. 219 

 220 



2.3. Transfect the gene circuits designed above in the desired cells obtained from the previous 221 

steps to begin a stable cell-line generation process. To achieve this, use a liposome mixture45 of 222 

the gene circuit DNA with appropriate recombinase (for example, Flp-recombinase for Flp-FRT 223 

recombination) or through other methods such as electroporation. 224 

 225 

2.4. Two days after transfection, split the cells to 25% confluency. 226 

 227 

2.5. Six hours after splitting the cells, begin antibiotic selection by exchanging the media to a 228 

fresh media containing 50 μg/mL of hygromycin antibiotic (or another antibiotic agent 229 

corresponding to the mammalian antibiotic resistance gene chosen during plasmid construction). 230 

 231 

NOTE: There are a variety of mammalian antibiotic resistance genes utilized in gene circuit 232 

construction, each of which has a different kill curve. Therefore, whichever mammalian antibiotic 233 

resistance gene is chosen for circuit construction, a proper kill curve should be studied in the cells 234 

of interest. This step ensures that cells containing the gene circuit payload are enriched while 235 

those without the system are killed off. 236 

 237 

2.6. Allow the cells to grow in the antibiotic selection media, change to fresh media every 2–238 

3 days until the plate or flask has a few dozen foci. Passage adherent cultures when they are in 239 

the log phase before they reach confluence. 240 

 241 

2.7. Once there are many foci, trypsinize the cells with 1 mL of 0.25% trypsin, 0.1% EDTA in 242 

Hank’s balanced salt solution (HBSS) without Calcium, Magnesium, and Sodium Bicarbonate for 243 

several minutes. Neutralize the trypsin with fresh media and pass all the cells into a fresh 244 

container. 245 

 246 

2.8. Once the cells in the fresh container are 80%–100% confluent, freeze them down in a mix 247 

of 45% old media, 45% fresh media, and 10% DMSO. Transfer the remaining cells to a sterile tube 248 

and perform single-cell sorting to isolate monoclonal cells into a 96-well plate. 249 

 250 

2.9. Approximately 2–3 weeks post monoclonal sorting, wells within the 96-well plate should 251 

have foci. When approximately 50%–60% confluent, split the cells into a 12-well plate. 252 

 253 

2.10. Once the 12-well plate is 80%–100% confluent, split into a tissue culture treated T-25 254 

flask. Once the cells in the T-25 flask are 80%–100% confluent, freeze the cells and maintain a 255 

passage for characterization and testing of monoclonal cell lines. 256 

 257 

2.10.1. Characterize the monoclonal cell lines by microscopy and flow cytometry assays to report 258 

gene expression profiles based on the induced fluorescent reporter production. Verify functional 259 

protein production via fluorescent antibody labeling and immunofluorescence assay. Test the 260 

transcriptional-level gene expression induction via quantitative real-time PCR (qRT-PCR). Validate 261 

the genetic sequence and integration accuracy via local and whole-genome sequencing of the 262 

clones. 263 

 264 



3. Light plate apparatus induction assays 265 

 266 

3.1. Construct an LPA device31,46 to be used for light induction of engineered cells. Briefly, 267 

there are several broad steps crucial for creating LPA to use for controlling gene expression. 268 

These include 3D printing LPA frame components, circuit board construction, programming the 269 

circuit via microcontroller programmer, assembling the components into a final LPA, 270 

programming the memory card via IRIS software, and calibrating the finished device. For a more 271 

thorough explanation, refer to the above references. 272 

 273 

3.1.1. Print the 3D parts as outlined in Gerhardt et al. (2016 and 2019)31,46. 274 

 275 

3.1.2. Assemble the circuit board as outlined in Gerhardt et al. (2016 and 2019)31,46. 276 

 277 

3.1.3. Add the firmware to the assembled LPA circuit using microcontroller programmer as 278 

outlined in Gerhardt et al. (2016 and 2019)31,46. 279 

 280 

3.1.4. Combine 3D printed parts and the assembled circuit board as outlined in Gerhardt et al. 281 

(2016 and 2019)31,46. This includes taking the mounting plate, the circuit board, the LED (light-282 

emitting diodes) spacer, the plate adaptor, a 24-well plate, a plate lid, mounting bolts, and wing 283 

nuts and stacking components as shown in the filmed video and Figure 2. 284 

 285 

3.1.5. For memory card programming and calibration of the device, follow the steps described 286 

below. 287 

 288 

3.2. Use the IRIS software available on the Tabor Lab website47 to program an SD card for the 289 

Light Plate Apparatus (LPA)31 and explore appropriate light conditions needed to begin an 290 

optogenetic experiment. 291 

 292 

NOTE: The IRIS software is a web-based application for programming the optogenetic electronic 293 

hardware, known as the LPA, developed by the Tabor Lab. The software allows programming of 294 

relative IRIS values that control the individual light-emitting diodes (LEDs) in each well of the LPA 295 

hardware. 296 

 297 

3.3. Choose the LPA (4 x 6) drop-down option, followed by clicking the appropriate 298 

illumination approach (Steady-state, Dynamic, Advanced). 299 

 300 

NOTE: For this manuscript, all the assays will focus on the steady-state examples. However, the 301 

advanced setting examples can be used for pulse durations and duty cycle regimes. 302 

 303 

3.4. Choose whether the top or the bottom LEDs will be illuminated by entering values in the 304 

cells corresponding to the wells of the plate. For the LPAs used in this work, blue LEDs placed in 305 

the top position were used in all experiments. Each LED, once programmed, can provide 306 

continuous light exposure with a constant light intensity. The IRIS software allows for 4096 307 

intensity levels which can be programmed. 308 



 309 

3.5. Once the LED locations are chosen, enter intensity values for the desired experimental 310 

outline. For example, enter 8 different light intensities (or pulse durations or duty cycles) with 311 

three technical replicates per plate (Table 2). G.s. refers to grayscale units—the light intensity 312 

level measurement values used for LPA programming in the IRIS software. 313 

 314 

3.5.1. When designing IRIS experimental files, keep in mind edge effects from adjacent wells on 315 

the LPA device, light toxicity from increasing intensities of blue light exposure, and determining 316 

the type of dose-response desired (e.g., monotonic vs. non-monotonic). 317 

 318 

3.5.2. If users program cells in the LPA in ascending/descending order of a particular light 319 

parameter (e.g., intensity), wells may produce edge effects of light crosstalk or even heat which 320 

can influence adjacent wells. This can inadvertently influence the outcome of measured outputs 321 

when experiments are complete. To alleviate this, users can implement a randomization matrix 322 

on the IRIS software to scramble well locations, minimizing edge effects. An example is described 323 

in the represented results below (Figure 4A–B). 324 

 325 

3.5.3. In addition, higher intensities of blue light have been found to interfere with cellular 326 

growth and viability48. Therefore, to mitigate light toxicity, it is important to produce a light-327 

intensity, pulse duration, or duty cycle response curve depending on the modality being 328 

investigated.  329 

 330 

3.5.3.1. For example, program 8 light intensity values with three replicates per 24-well 331 

plate, with a range from no light to a max intensity of the LPA. Then, run these samples on a flow 332 

cytometer with an SSC-FSC gate or a live stain such as propidium iodide to quantify the population 333 

cell survival (living cells compared to total events including dead cells/cellular debris) at each light 334 

value.  335 

 336 

3.5.3.2. Then, determine the ideal amount of population survival for the experimental 337 

setup, since any stimulus may adversely affect proliferation, gene expression, or survival (e.g., 338 

setting 80% cell survival as an appropriate tradeoff). For example, in this work, once calibrated, 339 

the intensity did not exceed 3000 g.s. units (~3/4 the maximum intensity of the LPA device). An 340 

example of this is described in the represented results below. 341 

 342 

3.5.4. In addition to restricting light values because of toxicity, users may wish to restrict light 343 

values to characterize a particular part of the dose-response, such as the range of the monotone 344 

response.  345 

 346 

3.5.4.1. To achieve this, initially scan a wide range of light intensities, pulse durations or 347 

duty cycles depending on the modality being analyzed when determining the desired dose-348 

response (Table 2) to narrow in on the light regime of interest, e.g., where gene expression 349 

correlates positively with increasing light values for a monotonic dose-response.  350 

 351 



3.5.4.2. To determine the light range of interest, program a single LPA with up to 24 wells 352 

of different intensity/pulse duration/duty cycle/etc. or more wells (e.g., 48, 72, 96, etc.) 353 

depending on whether multiple LPAs are calibrated to deliver equivalent light amounts and 354 

proceed with the cell culture work or assays outlined below. Therefore, start characterization of 355 

an optogenetic system with a wide dose range of light stimuli to determine the range interval 356 

that gives the desired gene expression and subsequently perform experiments in that refined 357 

dose range.  358 

 359 

3.5.4.3. For example, in this work, once 3000 g.s. units was determined as the threshold 360 

for toxic light intensity; this threshold was used as the upper bound of light for assays outlined 361 

below (e.g., immunofluorescence). 362 

 363 

NOTE: The steps above are independent of the optical calibration of the LPA and refer to a 364 

molecular-level calibration for each optogenetic system. 365 

 366 

3.6. Once the appropriate light intensity values are programmed in IRIS, insert a memory card 367 

with the USB 3.0 outlet into the LPA to download and transfer the files. 368 

 369 

3.7. If calibration of the LPA is complete31, proceed to cell culture work for initiation of light-370 

induction assay. If the calibration has not been done, calibrate the LPA using an Image analysis 371 

method (steps 3.7.1–3.7.3) once the LPA is programmed with the microcontroller programmer. 372 

 373 

3.7.1. Briefly program the LPA to have the same IRIS level as described by Gerhardt et al. 374 

(2016)31. 375 

 376 

NOTE: For calibration, the LPA was programmed to have a value of 2000 g.s. 377 

 378 

3.7.2. Once the device is programmed with the memory card and the reset button (physical 379 

button on the LPA) is pressed, acquire an image of the entire device (e.g., gel station imager, 380 

scanner device, etc.). For the calibration, acquire two images with the device rotated by 180°. 381 

 382 

3.7.3. Then, use open-source software designed by Gerhardt et al. (2016)31 to show the 383 

variability in LED intensity on the LPA plate and calculate the LED compensation values to make 384 

the intensity equal across wells. An example of this is described in the represented results below 385 

(Figure 3). Once this calibration is complete, proceed to cell culture work for initiation of light-386 

induction assay. 387 

 388 

3.8. Obtain flasks of engineered monoclonal cells from the previous section to investigate 389 

light-induction effects on gene expression. 390 

 391 

3.9. Remove the old media from the flask. 392 

 393 

3.10. Add 1 mL of trypsin to the cells and incubate for 5 min. 394 

 395 



3.11. After 5 min, neutralize trypsin by adding 4 mL of Dulbecco-modified Eagle’s medium 396 

(DMEM or other desired media) supplemented with the necessary chemicals (this work used 50 397 

μg/mL of hygromycin, 1% penicillin/streptomycin solution, 10% fetal bovine serum, FBS). 398 

 399 

3.12. Add ~75,000 cells per well in a 24-well black plate in a total volume of 500 μL. The number 400 

of cells seeded can vary depending on the duration of the experiment desired and the cell type 401 

used. 402 

 403 

NOTE: Additionally, note that cell seeding density affects the culture maintenance and potentially 404 

the duration of the experiment. Starting at a lower number of cells per well ensures longer time 405 

durations before the culture reaches confluency. Furthermore, the type of optogenetic 406 

components integrated into the gene circuits of interest will influence when gene expression 407 

reaches a steady state and therefore affect the duration of the experiments. Other factors that 408 

may be considered are cell line-specific growth rates, media composition, and conditional growth 409 

effects (i.e., light). 410 

 411 

3.13. After plating, place the cells in a humidified incubator with 5% CO2 to allow them to settle 412 

for 2–6 h. 413 

 414 

3.14. After the incubation, transfer the cells to a tissue culture hood, remove the plastic lid, and 415 

add an adhesive foil strip to the top of the plate (Figure 2D). This step allows minimal light 416 

transfer between wells, as the top and the sides of the wells are coated, and the light can now 417 

only enter from the bottom of the well where the LED is placed. 418 

 419 

3.15. Place the plate in the fitted 3D parts of the LPA. Then, cover the plate with the 3D-printed 420 

LPA lid, which fits over the device screws on each corner. 421 

 422 

3.16. Plug the device into the power source and push the reset button on the LPA device to 423 

ensure that the updated LPA experiment settings are applied. 424 

 425 

3.17. Incubate the cells within the experimental system for an appropriate amount of time, 426 

depending on the original seeding density, cell line-specific growth speed, and growth conditions. 427 

In this example, the cell lines were induced for 3 days continuously for gene expression to reach 428 

a steady state. However, it should be noted that many optogenetic systems (e.g., VVD) may reach 429 

steady-state gene expression much sooner (e.g., 24 h), and therefore experimental induction 430 

times can be reduced or prolonged as needed. 431 

 432 

3.18. At the end of the light induction experiment, utilize the samples for any of the following 433 

four assays to characterize the engineered cell lines (sections 4–7). 434 

 435 

4. Fluorescence microscopy of light-induced engineered cells 436 

 437 

4.1. 24–72 h post-induction, remove the cells in the LPA from the incubator and place them 438 

in a tissue culture hood. 439 



 440 

4.2. Remove the foil strip and let the plate sit for 1–2 min. This prevents condensation from 441 

forming on the plastic lid, if placed immediately on the plate. 442 

 443 

4.3. After 1–2 min of sitting, put the original plastic lid back on the plate. 444 

 445 

4.4. Image the cells with the appropriate phase contrast or fluorescence microscope. 446 

 447 

4.5. Depending on the instrument, adjust the exposure time, light source intensity, and gain 448 

for displaying engineered cells. In this experiment, the following parameters were applied: 50 ms 449 

for FITC/GFP (green fluorescent protein) light source exposure time and 1–5 ms for phase-450 

contrast exposure time at 100% intensity for each. 451 

 452 

NOTE: It should be noted that optimal exposure times, gain levels, and light source intensities are 453 

often derived empirically from the experience of this work to minimize oversaturation in the 454 

fluorescence reporter, minimize cellular damage, and capture adequate images for qualitative 455 

and quantitative analysis. When determining the levels of each of these parameters, the aspects 456 

to keep in mind include maximizing signal-to-noise ratios, minimizing phototoxicity, minimizing 457 

oversaturation of fluorescence signals, and increasing the ability to amplify weak fluorescence 458 

signals. 459 

 460 

4.5.1. Optimize these parameters grossly ad-hoc; however, previous experimental values (e.g., 461 

light source intensity causing oversaturation of fluorescence reporter) can guide future 462 

experimental settings when applicable. For example, the gain settings, exposure times, and light 463 

intensity initial values from one circuit (LITer1.0) or experimental setup (e.g., light intensity) can 464 

be used as a starting point when moving to a similar but different gene circuit (LITer2.0)11 or a 465 

different light modality (e.g., light duty cycle). 466 

 467 

4.6. Streamline plate imaging by a coordinate template programmed into the microscopy 468 

software allowing the entire plate size (e.g., 24 wells) to have automatized image acquisition from 469 

multiple image locations per well. 470 

 471 

5. Flow cytometry of light-induced engineered cells 472 

 473 

5.1. 24–72 h post-induction, remove the cells from the LPA in the incubator or from the 474 

microscope after imaging and place them in the tissue culture hood. 475 

 476 

5.2. If removed directly from the LPA, remove the foil strip, and let the plate to sit for a minute 477 

or two. 478 

 479 

5.3. Aspirate the media from each well (of the entire 24-well plate if all the wells are used). 480 

 481 

5.4. Add 100 μL of 0.25% trypsin to each well, cover the plate with a plastic lid, and place it 482 

back in the incubator. 483 



 484 

5.5. Leave the cells undisturbed in the incubator for 5 min. 485 

 486 

5.6. After 5 min, remove the plate and return it to the tissue culture hood. 487 

 488 

5.7. Neutralize each trypsinized well with 400 μL of DMEM. 489 

 490 

5.8. Label a 5 mL polystyrene round-bottom tube with cell strainer (or appropriate flow 491 

cytometry tube that can be filtered to remove large clumps of cells not fully trypsinized) with a 492 

name corresponding to each well. 493 

 494 

5.9. Use a P1000 pipette to pipette the contents of each well up and down 6–8 times to break 495 

cell clumps and create single-celled samples for flow cytometry49. 496 

 497 

5.10. Transfer the entire contents of each well (~500 μL) to the labeled tubes with the strainer. 498 

 499 

5.11. Bring cells to the appropriate flow cytometry instrument with lasers of the correct 500 

wavelengths (can bring tubes with cells on or off ice). 501 

 502 

NOTE: The flow cytometer used in this work was a part of a core facility located at the university 503 

hospital. 504 

 505 

5.12. Create a forward- and side-scatter gate (FSC and SSC, respectively) to capture the single 506 

cells of the appropriate size and granularity to exclude debris and cellular clumps on the flow 507 

cytometry software. 508 

 509 

5.13. Once the gate is set, capture approximately 10,000 cells with the appropriate gate. Adjust 510 

this number depending on the amount of cellular data the users are seeking. Repeat for each 511 

tube containing the cells from the experiment. 512 

 513 

5.14. Once the experiment is complete, import the data to the available flow cytometry data 514 

software for analysis. 515 

 516 

5.15. Create an FSC-SSC gate (as before during acquisition) and apply it to each batch of 517 

experimental data. A reference well of the un-induced cell population is used for creating this 518 

gate in this manuscript, but other metrics for gate creation exist, such as density-based gates. 519 

 520 

5.16. With the experimental conditions gated with an FSC-SSC gate, plot the flow cytometry 521 

data as histograms or represent in other ways to illustrate the obtained expression patterns. In 522 

this experiment, the fluorescence was captured by the GFP/FITC or PE/TexasRed channels. 523 

 524 

6. RNA extraction and quantitative PCR of gene circuit components 525 

 526 



6.1. 24–72 h post-induction, remove the cells from the LPA in the incubator or from the 527 

microscope after imaging and place them in the tissue culture hood. 528 

 529 

6.2. If removed directly from the LPA, remove the foil strip, and let the plate sit for a minute 530 

or two. 531 

 532 

6.3. Aspirate the media from each well (of the entire 24-well plate if all the wells are used). 533 

 534 

6.4. Proceed to extract RNA from the cells using the appropriate RNA extraction kit. 535 

 536 

6.5. Once the RNA extraction is complete, perform a reverse transcription reaction of each 537 

sample (Table 3). 538 

 539 

6.6. Further, perform quantitative PCR of each sample (Table 4). Utilize a DNA polymerase and 540 

associated protocol to set up PCR reactions. For this step, set up a multiplexed reaction with a 541 

housekeeping gene and a gene of interest, or create separate reactions. In this example, GFP, 542 

KRAS, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were probed. After 543 

completing the qRT-PCR experiment, proceed with the analysis via available software to illustrate 544 

gene circuit fold change at the RNA level. 545 

 546 

7. Immunofluorescence of gene circuit components 547 

 548 

7.1. Use an ice bath or refrigerator/freezer to cool down methanol. 549 

 550 

7.2. 24–72 h post-induction, remove the cells from the LPA in the incubator or from the 551 

microscope after imaging and place them in the tissue culture hood. 552 

 553 

7.3. If removed directly from the LPA, remove the foil strip, and let the plate sit for 1–2 min. 554 

 555 

7.4. Aspirate the media from each well (of the entire 24-well plate if all the wells are used). 556 

 557 

7.5. Add 100 μL of 0.25% trypsin to each well, cover the plate with a plastic lid, and place it 558 

back in the incubator. 559 

 560 

7.6. Leave the cells undisturbed in the incubator for 5 min. 561 

 562 

7.7. After 5 min, remove the plate and return it to the tissue culture hood. 563 

 564 

7.8. Neutralize each trypsinized well with 400 μL of DMEM. 565 

 566 

7.9. Label mini-centrifuge tubes with names corresponding to each well. 567 

 568 

7.10. Use a P1000 pipette and pipette the contents of each well up and down 6–8 times to 569 

break the cell clumps. 570 



 571 

7.11. Transfer the entire contents of each well (~500 μL) to the labeled tubes. 572 

 573 

7.12. Centrifuge the cells for 5 min at 400 x g. 574 

 575 

7.13. When complete, discard the supernatant and move the samples to a chemical fume hood. 576 

 577 

7.14. Resuspend the cells (use a P1000 pipette and pipette up and down 6–8 times in each tube 578 

to break cell clumps) in 750–1000 μL of 4% paraformaldehyde (diluted in phosphate-buffered 579 

saline, PBS). 580 

 581 

7.15. Allow the cells to sit for 15 min at room temperature. 582 

 583 

7.16. After the incubation, add 750–1000 μL of PBS. Pipette up and down several times. 584 

 585 

7.17. Centrifuge the cells for 5 min at 400 x g. 586 

 587 

7.18. When complete, discard the supernatant and move the samples to a chemical fume hood. 588 

 589 

7.19. Resuspend the cells (use a P1000 pipette and pipette up and down 6–8 times in each tube 590 

to break cell clumps) in 750–1000 μL of ice-cold methanol. 591 

 592 

7.20. Allow the cells to sit for 30 min on ice or in a -20 °C freezer. 593 

 594 

7.21. After the incubation, add 750–1000 μL of PBS. Pipette up and down several times. 595 

 596 

7.22. Centrifuge the cells for 5 min at 400 x g. 597 

 598 

7.23. When complete, discard the supernatant and move the samples to a chemical fume hood. 599 

 600 

7.24. Depending on the type of antibodies used, modify the protocol from this point forward. 601 

Follow either steps 7.24.1-7.24.14 or 7.24.15-7.24.22. 602 

 603 

7.24.1. If using a primary and secondary antibody, resuspend the cells using a P1000/P200 604 

pipette and pipette up and down 6–8 times in each tube to break cell clumps in 100 μL of primary 605 

antibody. In this case, a dilution of 1:800 for stock antibodies was made, including KRAS antibody 606 

or ERK antibody, and was allowed to sit for 1 h at room temperature. Antibodies were diluted in 607 

an incubation buffer made from 1x PBS with 0.5 g of BSA. 608 

 609 

NOTE: Determine the exact dilution of the antibody empirically by creating a standard curve of 610 

antibody dilutions vs. the antigen of interest. 611 

 612 

7.24.2. After adding antibodies, cover the tubes with a foil to prevent light effects on labeled 613 

antibodies. 614 



 615 

7.24.3. After incubation, add 750–1000 μL of the incubation buffer. Pipette up and down several 616 

times. 617 

 618 

7.24.4. Centrifuge the cells for 5 min at 400 x g. 619 

 620 

7.24.5. When complete, discard the supernatant and move the samples to a chemical fume hood. 621 

 622 

7.24.6. Resuspend the cells using a P1000/P200 pipette and pipette up and down 6–8 times in 623 

each tube to break cell clumps in 100 μL of secondary antibody. In this case, cells were 624 

resuspended in 100 μL secondary antibody at a dilution of 1:800 for KRAS antibody or 1:2000 for 625 

ERK antibody and allowed to sit for 30 min at room temperature. Similar to primary antibodies, 626 

dilute the secondary antibodies in the incubation buffer as described above. Determine the 627 

dilutions of the secondary antibodies based on the empirical findings of a standard curve. 628 

 629 

7.24.7. After adding antibodies, cover the tubes with a foil to prevent light effects on the labeled 630 

antibodies. 631 

 632 

7.24.8. After the incubation, add 750–1000 μL of the incubation buffer. Pipette up and down 633 

several times. 634 

 635 

7.24.9. Centrifuge the cells for 5 min at 400 x g. 636 

 637 

7.24.10. When complete, discard the supernatant and move the samples to a chemical 638 

fume hood. 639 

 640 

7.24.11. Resuspend the cells using a P1000 pipette and pipette up and down 6–8 times in 641 

each tube to break cell clumps in 500 μL of PBS. 642 

 643 

7.24.12. Transfer the entire contents of each tube (~500 μL) to the labeled tubes with 644 

strainers. 645 

 646 

7.24.13. Bring the cells to appropriate flow cytometry instruments with lasers of the 647 

correct wavelengths (can bring tubes with cells on or off ice). 648 

 649 

NOTE: It should be noted that having several controls are important for progressing with flow 650 

cytometry measurement and analysis of engineered cell gene expression. For example, having 651 

completely unstained cells, cells stained with primary antibody alone, and cells stained with 652 

secondary antibody alone can be useful for comparing results with background signals from 653 

antibodies. 654 

 655 

7.24.14. From this point, proceed with the analysis as described in section 5. 656 

 657 



7.24.15. If using only a primary antibody, resuspend the cells using a P1000/P200 pipette 658 

and pipette up and down 6–8 times in each tube to break cell clumps in 100 μL of labeled primary 659 

antibody. Determine appropriate antibody dilution and incubate for 1 h at room temperature. 660 

Determine the antibody dilution from the standard curve empirically. 661 

 662 

7.24.16. After adding antibodies, cover the tubes with a foil to prevent light effects on 663 

labeled antibodies. 664 

 665 

7.24.17. After incubation, add 750–1000 μL of the incubation buffer. Pipette up and down 666 

several times. 667 

 668 

7.24.18. Centrifuge the cells for 5 min at 400 x g. 669 

 670 

7.24.19. Resuspend the cells using a P1000 pipette and pipette up and down 6–8 times in 671 

each tube to break cell clumps in 500 μL of PBS. 672 

 673 

7.24.20. Transfer the entire contents of each tube (~500 μL) to labeled tubes with strainers. 674 

 675 

7.24.21. Bring the cells to appropriate flow cytometry instruments with lasers of the 676 

correct wavelengths (can bring tubes with cells on or off ice). 677 

 678 

NOTE: It should be noted that having several controls are important for progressing with flow 679 

cytometry measurement and analysis of engineered cell gene expression. Having completely 680 

unstained cells and cells stained with primary antibody alone are useful for comparing results 681 

with background signals from antibodies. 682 

 683 

7.24.22. From this point, proceed with the analysis as described in section 5. 684 

 685 

REPRESENTATIVE RESULTS: 686 

Gene circuit assembly and stable cell line generation within this article were based on 687 

commercial, modified HEK-293 cells containing a transcriptionally active, single stable FRT site 688 

(Figure 1). The gene circuits were constructed into vectors that had FRT sites within the plasmid, 689 

allowing for the Flp-FRT integration into the HEK-293 cell genome. This approach is not limited 690 

to Flp-In cells, as FRT sites can be added to any cell line of interest anywhere in the genome using 691 

DNA editing technology such as CRISPR/Cas950. 692 

 693 

Once appropriate cell lines were constructed and validated for the correct insertion, the LPA and 694 

IRIS software were chosen as a standardized protocol for light induction of gene expression31,51. 695 

The LPA system allows 24-wells to be programmed for induction of multiple conditions of 696 

mammalian cells depending on the light intensity, pulse duration, and duty cycle, to name a few 697 

types of experimental conditions (Figure 2). Within this article, spatially uniform light intensity, 698 

pulse duration, and duty cycle were prioritized. However, researchers can use this software and 699 

the LPA for more advanced programming of temporal light wave patterns. 700 

 701 



A crucial aspect about the LPA to be addressed before starting experiments is the optical 702 

calibration which can be performed for single or multiple devices. The previously described image 703 

analysis method31 used for calibration requires an image of the entire LPA with all LEDs of interest 704 

turned on, which can be acquired from a variety of sources52, including a gel imager. Here, a 705 

computer scanner was used for image acquisition (Figure 3A). Once the image was acquired, the 706 

open-source software created by Gerhardt et al. (2016)31 was used to calculate compensation 707 

values for each LED to ensure each LPA emits the same intensity at a given grayscale value. The 708 

software subtracts the background signal, thresholds the image into a binary category, and 709 

calculates the pixel intensity (Figure 3B). From the calibration, a minimal variation among the 710 

LEDs was found, with a CV of 0.04 between 96 wells (or 4 plates calibrated, Figure 3C). Lastly, 711 

using the calibration software demonstrated the LED variation by location (Figure 3D) and 712 

created a grayscale adjustment (Figure 3E) so that each LED is normalized to the same intensity. 713 

 714 

In addition to calibration of the LPA, other important aspects of using the LPA include integrating 715 

several controls in the experimental pipeline that can help users minimize systemic errors, 716 

confounding variables such as light-toxicity effects and design limitations based on experimental 717 

materials. For example, Figure 4 illustrates two different configurations for programming 718 

different light intensities in the LPA wells. The first subpanel of Figure 4A shows an ascending 719 

organization of light intensity. This can make for ease of programming and data analysis but can 720 

produce edge effects where the bottom row of the LPA has the highest light intensity and can 721 

potentially cause unwanted heat and light induction of nearby wells. Similarly, in the second 722 

subpanel of Figure 4A, a randomization matrix has been applied to the IRIS software, creating 723 

various light intensities in random positions. This can minimize systemic influences of edge 724 

effects. A descrambled matrix (Figure 4B) is created with the IRIS software, which can then be 725 

utilized to determine the experimental conditions after the completion of the experiment and 726 

during analysis. Similar to the randomization of wells, users should also be aware of light toxicity 727 

effects that may occur (blue light within this work). In Figure 4C, two different light intensities 728 

used for gene circuit induction are shown with the same FSC-SSC gate based on the un-induced 729 

population of engineered cells. Increasing blue light induction drastically increased the number 730 

of events categorized as cellular debris, clumps, or dead cells. As such, users should perform a 731 

dose-response on the light modality of interest (e.g., pulse, duty cycle, etc.) to determine light 732 

toxicity effects that can occur at the high end of exposure (Figure 4D). Here, increasing blue light 733 

levels caused dose-dependent cellular debris, dead cells, and clumps compared to non-734 

stimulated cells. As such, the continuous light intensity was restricted to around ¾ of the 735 

maximum LPA intensity (~3000 g.s. units). 736 

 737 

Once proper equipment was set up, gene expression was then induced in engineered LITer gene 738 

circuits via fluorescence microscopy (Figure 5). Cells were induced at different light pulse 739 

durations on the LPA, which gave a light dose-response of gene expression at the population 740 

level. Cells within this work were imaged for GFP expression using 50 ms for FITC/GFP light source 741 

exposure time and for bright field imaging using 1–5 ms for phase-contrast exposure time. Given 742 

the robustness of this cell line-engineering protocol, any fluorescence marker could be used 743 

instead of GFP. The cells can be induced with multiple light regimes and produce a large range of 744 



responses (Figure 5). The latter is beneficial in further controlling the expression of functional 745 

genes (e.g., oncogene in the original work53). 746 

 747 

Immediately after fluorescence microscopy, cells could be analyzed in a variety of experimental 748 

protocols, including flow cytometry, qRT-PCR, and immunofluorescence. In this work, flow 749 

cytometry was performed as a first validation procedure and carried out following the methods 750 

outlined above (Figure 6). Similar to microscopy, cells were induced at different pulse length 751 

values, and showed a dose-response of gene expression quantified at the population level of over 752 

four-fold change from un-induced states (Figure 6A–B). Similarly, gene expression noise 753 

reduction can be shown by comparing various light intensity values (Figure 6C–D) for the LITer 754 

system versus a positive regulation system such as the VVD/LightOn54. When comparing the LITer 755 

with the VVD system, negative feedback achieves over five-fold gene expression noise reduction. 756 

The same pre-induced cells imaged on microscopy could also be analyzed via qRT-PCR (Figure 7). 757 

Similar to flow cytometry, the engineered LITer cells could express RNA levels in a dose-758 

responsive manner (over 10-fold induction from un-induced states), matching the dose-response 759 

of protein levels quantified by GFP expression on flow cytometry. The fluorescent microscopy 760 

and flow cytometry data mentioned can be calibrated using non-fluorescence cells, constitutively 761 

expressing fluorescence cells, and fluorescent 6-8-peak validation beads (e.g., FL1-channel green, 762 

fluorescent beads). Each of these components can allow the normalization of gene expression in 763 

a single experiment. However, these factors can also allow normalization of circuits and 764 

engineered cells across different experimental plates, experimental conditions, and days to allow 765 

comparison and standardization of gene expression data. 766 

 767 

Lastly, the LITer gene circuits can be engineered to express functional genes, such as the KRAS 768 

(G12V, Figure 8). The versatility of this pipeline allows users to utilize the LITer architecture with 769 

cell engineering for any functional gene of interest, possibly incorporating additional 770 

architectures such as positive feedback. The LITer showed increasing amounts of blue light that 771 

resulted in increased levels of the gene circuit output (KRAS (G12V) protein levels) and, 772 

consequently, phosphorylated-ERK levels, both of which can be quantified via 773 

immunofluorescence assays. 774 

 775 

FIGURES AND TABLE LEGENDS: 776 

Table 1: DNA assembly reaction master mix calculation (step 1.13). The dark, gray-shaded cells 777 

are custom filled based on the size of the DNA fragments assembled and the concentration of 778 

these fragments after PCR amplification and agarose gel extraction (step 1.11). The light-gray 779 

shaded cell (total reaction volume) can be modified; however, the stated volume is 780 

recommended. Unshaded cells are generated automatically. 781 

 782 

Table 2: IRIS programming of light intensities (g.s.) for light induction experiment in a 24-well 783 

plate with three replicates (step 3.4). Color gradient from white to dark green indicates the 784 

increase in light intensity from 0 to 3000 g.s. G.s.—grayscale units. This can be randomized by the 785 

IRIS software as needed. 786 

 787 



Table 3: Reverse transcription master mix calculation (step 6.5). The reaction recommended 788 

total volume is 20 μL, and its components are the reverse transcriptase enzyme master mix (here: 789 

5x), RNA template, and nuclease-free water. In this example, the RNA concentrations of samples 790 

1, 2, and 3 are 500, 333, and 250 ng/μL, respectively. 791 

 792 

Table 4: Quantitative PCR master mix calculation (step 6.6). The reaction recommended total 793 

volume is 20 μL and its components are the DNA polymerase enzyme master mix (here: 2x), GFP 794 

and/or GAPDH probes, cDNA (100 ng total), and nuclease free water (NF-H20). 795 

 796 

Figure 1: Circuit design and cell engineering. (A) Cell engineering tools, including LITer synthetic 797 

gene circuit with FRT integration sites, recombinase enzyme (Flp recombinase) for circuit 798 

integration, drug used for selection of appropriate genetic clones, and cell line of interest used 799 

for creating desired optogenetic mammalian cell lines. (B) Systems can be integrated at a specific 800 

FRT-site containing locus within the human genome. These genomic loci can then express specific 801 

antibiotic resistance or fluorescent reporter genes for selection of properly integrated genetic 802 

cassettes. Gene circuit integration can be initiated with the use of recombinases that recognize 803 

specific sites within the original genetic cassette. This introduces a novel drug resistance selection 804 

gene which can ensure generation of correctly engineered cells with the desired gene circuit. At 805 

the bottom of panel B is the gene circuit architecture for the optogenetic negative feedback 806 

system, LITer2.0. This circuit is composed of a self-repressing TetR protein fused with a Light-807 

oxygen-voltage-sensing domain (LOV2), a linker sequence P2A which enables a multicistronic 808 

transcript, and GFP. When blue light is applied, the TIP sequence opens from the LOV2 domain, 809 

inhibiting the TetR protein, and allowing increased, dose-responsive transcription of both TetR 810 

and the GFP reporter. The inhibited TetR protein is unable to bind and repress at the DNA 811 

operator site, thus increasing transcription. This negative feedback keeps the gene expression 812 

noise low and allows a high-fold change of gene expression. FRT - flip recognition target, HygR - 813 

hygromycin resistance, LacZ - β-galactosidase, ZeoR - zeocin resistance, T - TetR, tetracycline 814 

repressor protein, D2ir is a CMV-based promoter, LOV2 is Light-oxygen-voltage-sensing domain, 815 

TIP is tet-inhibiting peptide which inhibits the TetR protein. This figure has been modified from 816 

Guinn and Balázsi (2020)55. 817 

 818 

Figure 2: LPA experimental programming. (A) Experiments can be programmed using the tools 819 

listed on Tabor lab website47 with flexibility for steady-state, dynamic, or advanced LPA 820 

programming31. Furthermore, electronic files can be saved for future use for technical replicates 821 

or experimental induction of alternative cell lines. (B) LPA device with main components viewed 822 

from the top and side (C). (D) Images of foil-sealed plates to reside on LPA. LPA - Light Plate 823 

Apparatus, LED - light-emitting diode. Elements of this figure have been modified from Guinn 824 

(2019)11. 825 

 826 

Figure 3: Calibration of the light plate apparatus. (A) Representative image of LPA for LEDs set 827 

to 2000 g.s. based on IRIS software. (B) Image from panel (A) with background subtracted and 828 

threshold used to binarize the image to calculate pixel intensity of each LED. (C) Histogram of 829 

pixel intensities (determined by MATLAB image analysis) of 96 LEDs (4 LPA plates) set to the same 830 

IRIS software value (e.g., 2000 g.s.). The red line represents mean LED pixel intensity, and CV in 831 



the panel represents the coefficient of variation for the 96 wells. (D) Heatmap showing the LED 832 

intensities of the LPA image in panel (A) normalized to the maximum intensity LED. (E) Calibration 833 

value heatmap determined for the LPA image in panel (A) to create equal intensity production 834 

for each LED when programmed for the LPA. LPA - Light Plate Apparatus, LED - light-emitting 835 

diode, CV - coefficient of variation. 836 

 837 

Figure 4: Randomization of LPA and light toxicity effects. (A) Representative image of two 838 

programmable LPA LED configurations set from 25 to 4000 g.s, based on IRIS software. The first 839 

configuration is more likely to allow systematic errors such as edge-effects of heat and light to 840 

cross over (e.g., the lower row of the LPA affecting the 2nd lowest row). The second image 841 

randomizes the location of intensities, therefore minimizing systematic error (bias) caused by 842 

edge effects. (B) Matrix showing randomization location for light intensities in the LPA shown in 843 

panel (A), which can be used to determine the intensity-dependent results of a given experiment. 844 

(C) Flow cytometry data for two different light intensities (1250 and 4000 g.s.) for 3 days of 845 

induction at continuous illumination. The black gate is based on uninduced cells. (D) Bar graph 846 

showing flow cytometry data such as panel (C) but for a wide range of light intensities. LPA - Light 847 

Plate Apparatus, FSC - forward scatter, SSC - side scatter, g.s. - light intensity value measured in 848 

grayscale. LITer cells11 had a dose-responsive decrease in cell survival that was statistically 849 

significant using ANOVA 1-tailed test with a p-value of 0.0022. 850 

 851 

Figure 5: Representative microscopy images of engineered optogenetic cell lines. Cells were 852 

imaged on an inverted microscope with a camera (14-bit) for acquiring phase contrast and 853 

fluorescence imaging. Cells were exposed for 5 ms for phase contrast (Panel A, representative 854 

bright-field image) and 50 ms of light source for GFP/FITC acquisition (Panel B) at 100% light 855 

source intensity. Cells can be imaged at various time points depending on desired steady-state 856 

acquisition or dynamic response, leading to a steady state. Cells here represent a pulse intensity 857 

titration at fixed intensity (1000 g.s.) ranging from no light exposure to 3 days of light exposure. 858 

The unit g.s represents a light intensity value measured in grayscale. This figure has been 859 

modified from Guinn (2019)11. 860 

 861 

Figure 6: Flow cytometry of engineered optogenetic cell lines. Cells were analyzed on a BD 862 

LSRFortessa flow cytometer, with approximately 10,000 cells collected within an SSC-FSC (side 863 

scatter-forward scatter) gate. The cells were then analyzed with the FCS Express software. 864 

Histogram or scatter plots could be generated to quantify the expression of the gene of interest 865 

(e.g., GFP). (A) Engineered cells plotted on SSC-FSC axes for gating within the black line. (B) 866 

Representative LITer cells induced with varying duration of light pulses at 1000 g.s. up to 72 h of 867 

induction, illustrating dose-response of gene expression. (C) Representative dose-response data 868 

for light intensity titration comparing the LITer gene circuit (TIP-based system) versus VVD or 869 

LightOn system40, which is a positive regulation system with no feedback. (D) Histogram 870 

corresponding to the VVD system, illustrating wider distribution (and therefore higher gene 871 

expression noise) compared to the LITer system. CV is the coefficient of variation, a metric for 872 

gene expression noise. FSC - forward scatter, SSC - side scatter, FITC - fluorescein isothiocyanate, 873 

g.s. - light intensity value measured in grayscale. This figure has been modified from Guinn 874 

(2019)11. 875 



 876 

Figure 7: Quantitative real-time PCR of engineered optogenetic cell lines. Representative data 877 

showing that multiple gene expression levels can be induced and quantified using light as a 878 

stimulus. The unit Rq represents relative quantification of expression fold-change compared to 879 

control. LITer cells11 had a dose-responsive increase in RNA expression that was statistically 880 

significant using ANOVA 1-tailed test with a p-value of 0.0352 and 0.0477 for GFP and KRAS levels, 881 

respectively. This figure has been modified from Guinn (2019)11. 882 

 883 

Figure 8: Immunofluorescence of engineered optogenetic cell lines. Representative data 884 

showing protein-level estimates based on immunofluorescence. (A) Protein levels of KRAS(G12V) 885 

and (B) protein levels of phosphorylated-ERK, which the LITer gene circuit induces according to 886 

increasing light amounts directly and indirectly, respectively. Data shown in bars are mean values, 887 

error bars are standard deviation (n = 3). A.u. - arbitrary units, g.s. - light intensity value measured 888 

in grayscale. LITer cells11 had a dose-responsive increase in protein levels that was statistically 889 

significant using ANOVA 1-tailed test with a p-value of 2.79E-04 and 0.016 for KRAS and 890 

phosphorylated-ERK levels, respectively. This figure has been modified from Guinn (2019)11. 891 

 892 

DISCUSSION: 893 

Readers of this article can gain insight into the steps vital for characterizing optogenetic gene 894 

circuits (as well as other gene expression systems), including 1) gene circuit design, construction, 895 

and validation; 2) cell engineering for introducing gene circuits into stable cell lines (e.g., Flp-FRT 896 

recombination); 3) induction of the engineered cells with a light-based platform such as the Light 897 

Plate Apparatus (LPA); 4) initial characterization of light induction assays via fluorescence 898 

microscopy; and 5) final gene expression characterization with a variety of assays, including flow 899 

cytometry, quantitative real-time PCR (qRT-PCR), or immunofluorescence assays. 900 

 901 

Additionally, the methods outlined above are highly modular for essentially any gene circuit 902 

architecture expressing genes-of-interest, with the main potential modifications to the protocols 903 

at the circuit construction step and the assays conducted. In the case of gene circuit construction, 904 

the flexibility of molecular cloning allows any gene of interest to be exchanged or co-expressed 905 

with a fluorescence marker with minor modifications to primer design or assembly protocols. 906 

Additionally, while the procedures outlined here focus mostly on a NF gene circuit design for 907 

precise (low-noise) gene expression control, other architectures such as positive regulation or 908 

positive feedback (PF) can be implemented to achieve different features such as high-fold change 909 

or high gene expression noise, respectively56,57. Using a variety of gene circuit architectures (e.g., 910 

PF, NF, etc.) can allow researchers to explore diverse biological questions such as the roles 911 

protein magnitudes and noise play in drug resistance or metastasis58. The protocols listed here 912 

also focus on various ways of gene expression quantification, but any number of functional assays 913 

(e.g., cell motility, wound-healing, proliferation, etc.) can be added after microscopy acquisition 914 

with little to no effect on the preceding methods. This is especially relevant to single-cell studies 915 

where optogenetics can use spatiotemporal induction to study behaviors such as pulsatile 916 

expression dynamics59. 917 

 918 



Complementing method modularity, troubleshooting is another important feature of each main 919 

protocol. For circuit construction, the main area of variability resides in the appropriate circuit-920 

specific primer design, while later methods such as assembly and plasmid amplification via 921 

bacterial growth are more standardized and typically include their own extensive 922 

troubleshooting procedures. Cell engineering can be modified with drug titration curves 923 

depending on the cell line used. Additionally, if a commercial cell line is used, troubleshooting 924 

guides can be obtained directly from the cell line manufacturer. Also, unintended light effects are 925 

important to quantify on the engineered cell lines. For example, due to the phototoxic effects of 926 

470 nm light, a light intensity curve should be created to investigate the induction of death or 927 

damage in a population. Once a variety of light values are tested, users can create an FSC-SSC 928 

gate or utilize a method such as propidium iodide staining to quantify dead/damaged cells, and 929 

therefore, serve as a tool to determine appropriate light ranges to use experimentally. 930 

 931 

For LPA troubleshooting, LEDs can produce edge effects of light and heat crosstalk with adjacent 932 

wells. For example, high-intensity wells may cause some induction in adjacent wells if there is an 933 

improper seal or a large heat/light gradient between wells. This can be maximized if the LPA is 934 

programmed in a particular order (e.g., ascending/descending) of a light parameter. To combat 935 

this, the IRIS software allows users to employ a randomization matrix to randomize the well 936 

intensities and therefore reduce systematic error. For troubleshooting aspects of fluorescence 937 

microscopy, exposure time, gain settings (controlling camera sensitivity), and light source 938 

intensity are the main parameters that can be adjusted. Tuning these parameters can allow for 939 

optimal image production and ideal signal-to-noise ratios as well as avoiding oversaturation and 940 

phototoxicity. 941 

 942 

For flow cytometry troubleshooting, photomultiplier tube voltages and cellular gating are the 943 

main aspects that can be adjusted. Tuning these parameters can allow ideal comparisons 944 

between experimental conditions and control samples, proper signal acquisition for both weak 945 

or strong fluorescence signals, and exclusion of cellular debris or unwanted cell populations. It 946 

should be noted that flow cytometry voltages are ideally kept constant across experiments to 947 

allow proper comparisons. Additionally, for optogenetic systems requiring multiple fluorescence 948 

outputs (e.g., FITC and PE), users will need to be aware of fluorescence compensation given 949 

crosstalk between fluorophores. In such scenarios, controls are crucial for determining proper 950 

fluorescence signals. Controls that will be necessary for users to perform include fluorescent 951 

beads, stained cells with the marker of interest, or cells constitutively expressing the fluorescence 952 

protein that can be used for creating a compensation matrix in the flow cytometry software of 953 

interest. Additionally, whether using one fluorescence marker or more, all users should routinely 954 

measure fluorescence signals of each marker for non-fluorescent cells, which yield 955 

autofluorescence/background signals. qRT-PCR troubleshooting includes varying cDNA amounts 956 

and probe design, which are often project-specific. Lastly, for immunofluorescence 957 

troubleshooting, antibody concentrations are the biggest variable for assay quantification, 958 

necessitating optimal concentration determination. 959 

 960 

One troubleshooting aspect that is relevant to most of the above methods is the isolation effect 961 

of using a sealed plate with cells covered with foil. This method may impede the carbon dioxide 962 



gas exchange needed for the proper growth of various cell lines. From previous experimental 963 

experience, this was not a significant impediment to cellular growth for a 3–5 day experiment 964 

using the engineered cell lines within this manuscript but may become important for other cell 965 

lines or experimental durations. To address this concern, one adaptation implemented with the 966 

sealed plates includes using carbon dioxide independent media, which has not affected the 967 

growth of cells used in this study. It should be noted for other assays or cell lines where 968 

metabolism, pH levels, and cell densities are important, other interventions may be needed such 969 

as changing media or nutrients more frequently. 970 

 971 

The limits of the methods outlined here reside in the gene circuit used, the optogenetic 972 

technology precision, and LPA interface with other equipment such as fluorescence microscopes. 973 

The technology described here is affordable, quick to build, and easy to validate46 for populations 974 

of optogenetically engineered cells. However, there are certain spatial limitations, such as the 975 

inability to control single cells without modifications to the light induction setup, such as utilizing 976 

digital mirror devices (DMDs), which has recently demonstrated beneficial applications in living 977 

cells60,61. Furthermore, the methods outlined here are limited in live-cell tracking during 978 

optogenetic stimulation, allowing only for the end-point data acquisition of the entire 979 

experimental time course. 980 

 981 

Despite these limits, the optogenetic methods outlined here are complementary to the existing 982 

technology such as the DMDs, which have the flexibility to control single cells in real-time but are 983 

limited by the number of samples one can stimulate. Furthermore, the stable cell line engineering 984 

methods discussed here contrast existing synthetic biology methods which often characterize 985 

systems via transient transfections. Transient transfection approaches are inherently noisier due 986 

to the greater gene circuit copy number variation among cells. In contrast, the methods 987 

presented here involve monoclonal cell variants, each containing one gene circuit copy. Stable 988 

cell lines allow exploring cellular aspects such as gene expression variation, protein level effects 989 

on phenotypic landscapes, and single-cell methods with finer precision since there is higher 990 

confidence that each cell is identical to its neighbors. 991 

 992 

The work here demonstrates a platform for designing any optogenetic gene circuit of interest, 993 

inducing such systems with reliable experimental tools, and characterizing them with a variety of 994 

gene expression and functional/phenotypic assays in a standardized manner. Future 995 

improvements of these protocols may include the integration of these methods with live-cell 996 

tracking using other optogenetic technologies such as the DMDs, which will allow spatiotemporal 997 

control of gene expression and functional applications at the single-cell level. Such advances will 998 

allow light utilization to produce the gene expression pattern of interest in single cells, establish 999 

transcription/translation dynamics, quantify protein levels, and study their role in diverse 1000 

biological processes, including cell migration, proliferation, metastasis, and differentiation. 1001 

 1002 

ACKNOWLEDGEMENTS: 1003 

We would like to thank Balázsi lab for comments and suggestions, Dr. Karl P. Gerhardt and Dr. 1004 

Jeffrey J. Tabor for helping us construct the first LPA, and Dr. Wilfried Weber for sharing the LOV2-1005 

degron plasmids. This work was supported by the National Institutes of Health [R35 GM122561 1006 



and T32 GM008444]; The Laufer Center for Physical and Quantitative Biology; National Defense 1007 

Science and Engineering Graduate (NDSEG) Fellowship. Funding for open access charge: NIH [R35 1008 

GM122561]. 1009 

 1010 

Author contributions: M.T.G. and G.B. conceived the project. M.T.G., D.C., and L.G., performed 1011 

the experiments. M.T.G., D.C., L.G., and G.B. analyzed the data and prepared the manuscript. G.B. 1012 

and M.T.G. supervised the project. 1013 

 1014 

DISCLOSURES: 1015 

The authors declare no competing financial interests. 1016 

 1017 

REFERENCES: 1018 

1. Sedlmayer, F., Hell, D., Muller, M., Auslander, D., Fussenegger, M. Designer cells 1019 

programming quorum-sensing interference with microbes. Nature Communications. 9 (1), 1822 1020 

(2018). 1021 

2. Cho, J. H., Collins, J. J., Wong, W. W. Universal chimeric antigen receptors for multiplexed 1022 

and logical control of T cell responses. Cell. 173 (6), 1426–1438 e11 (2018). 1023 

3. Saxena, P. et al. A programmable synthetic lineage-control network that differentiates 1024 

human IPSCs into glucose-sensitive insulin-secreting beta-like cells. Nature Communications. 7, 1025 

11247 (2016). 1026 

4. Nevozhay, D., Zal, T., Balazsi, G. Transferring a synthetic gene circuit from yeast to 1027 

mammalian cells. Nature Communications. 4, 1451 (2013). 1028 

5. Chang, H. H., Hemberg, M., Barahona, M., Ingber, D. E., Huang, S. Transcriptome-wide 1029 

noise controls lineage choice in mammalian progenitor cells. Nature. 453 (7194), 544–547 (2008). 1030 

6. Balazsi, G., van Oudenaarden, A., Collins, J. J. Cellular decision making and biological noise: 1031 

from microbes to mammals. Cell. 144 (6), 910–925 (2011). 1032 

7. Lee, J. et al. Network of mutually repressive metastasis regulators can promote cell 1033 

heterogeneity and metastatic transitions. Proceedings of the National Academy of Sciences of the 1034 

United States of America. 111 (3), E364–373 (2014). 1035 

8. Dar, R. D., Hosmane, N. N., Arkin, M. R., Siliciano, R. F., Weinberger, L. S. Screening for 1036 

noise in gene expression identifies drug synergies. Science. 344 (6190), 1392–1396 (2014) 1037 

9. Becskei, A., Seraphin, B., Serrano, L. Positive feedback in eukaryotic gene networks: cell 1038 

differentiation by graded to binary response conversion. EMBO Journal. 20 (10), 2528–2535 1039 

(2001). 1040 

10. Nevozhay, D., Adams, R. M., Murphy, K. F., Josic, K., Balazsi, G. Negative autoregulation 1041 

linearizes the dose-response and suppresses the heterogeneity of gene expression. Proceedings 1042 

of the National Academy of Sciences of the United States of America. 106 (13), 5123–5128 (2009). 1043 

11. Guinn, M. T., Balazsi, G. Noise-reducing optogenetic negative-feedback gene circuits in 1044 

human cells. Nucleic Acids Research. 47 (14), 7703–7714 (2019) 1045 

12. Shimoga, V., White, J. T., Li, Y., Sontag, E., Bleris, L. Synthetic mammalian transgene 1046 

negative autoregulation. Molecular Systems Biology. 9, 670 (2013) 1047 

13. Ye, H., Daoud-El Baba, M., Peng, R. W., Fussenegger, M. A synthetic optogenetic 1048 

transcription device enhances blood-glucose homeostasis in mice. Science (New York, N.Y.). 332 1049 

(6037), 1565–1568 (2011). 1050 



14. Pudasaini, A., El-Arab, K. K., Zoltowski, B. D. LOV-based optogenetic devices: light-driven 1051 

modules to impart photoregulated control of cellular signaling. Frontiers in Molecular 1052 

Biosciences. 2, 18 (2015). 1053 

15. Liu, Y. et al. Robust and intensity-dependent synaptic inhibition underlies the generation 1054 

of non-monotonic neurons in the mouse inferior colliculus. Frontiers in Cellular Neuroscience. 13, 1055 

131 (2019). 1056 

16. Benzinger, D., Khammash, M. Pulsatile inputs achieve tunable attenuation of gene 1057 

expression variability and graded multi-gene regulation. Nature Communications. 9 (1), 3521 1058 

(2018). 1059 

17. Boyden, E. S., Zhang, F., Bamberg, E., Nagel, G., Deisseroth, K. Millisecond-timescale, 1060 

genetically targeted optical control of neural activity. Nature Neuroscience. 8 (9), 1263–1268 1061 

(2005). 1062 

18. Duan, L. et al. Understanding CRY2 interactions for optical control of intracellular 1063 

signaling. Nature Communications. 8 (1), 547 (2017). 1064 

19. Kim, N. et al. Spatiotemporal control of fibroblast growth factor receptor signals by blue 1065 

light. Chemistry & Biology. 21 (7), 903–912 (2014). 1066 

20. Jung, H. et al. Noninvasive optical activation of Flp recombinase for genetic manipulation 1067 

in deep mouse brain regions. Nature Communications. 10 (1), 314 (2019). 1068 

21. Polstein, L. R., Gersbach, C. A. Light-inducible gene regulation with engineered zinc finger 1069 

proteins. Methods in Molecular Biology. 1148, 89–107 (2014). 1070 

22. Hallett, R. A., Zimmerman, S. P., Yumerefendi, H., Bear, J. E., Kuhlman, B. Correlating in 1071 

vitro and in vivo activities of light-inducible dimers: A cellular optogenetics guide. ACS Synthetic 1072 

Biology. 5 (1), 53–64 (2016). 1073 

23. Lee, D., Hyun, J. H., Jung, K., Hannan, P., Kwon, H. B. A calcium- and light-gated switch to 1074 

induce gene expression in activated neurons. Nature Biotechnology. 35 (9), 858–863 (2017). 1075 

24. Milias-Argeitis, A. et al. In silico feedback for in vivo regulation of a gene expression circuit. 1076 

Nature Biotechnology. 29 (12), 1114–1116 (2011). 1077 

25. Milias-Argeitis, A., Rullan, M., Aoki, S. K., Buchmann, P., Khammash, M. Automated 1078 

optogenetic feedback control for precise and robust regulation of gene expression and cell 1079 

growth. Nature Communications. 7, 12546 (2016). 1080 

26. Chen, R. et al. Rhythmic PER abundance defines a critical nodal point for negative 1081 

feedback within the circadian clock mechanism. Molecular Cell. 36 (3), 417–430 (2009). 1082 

27. Reppert, S. M., Weaver, D. R. Coordination of circadian timing in mammals. Nature. 418 1083 

(6901), 935–941 (2002). 1084 

28. Sato, T. K. et al. Feedback repression is required for mammalian circadian clock function. 1085 

Nature Genetics. 38 (3), 312–319 (2006). 1086 

29. Kramer, B. P., Fischer, C., Fussenegger, M. BioLogic gates enable logical transcription 1087 

control in mammalian cells. Biotechnology and Bioengineering. 87 (4), 478–484 (2004). 1088 

30. Madar, D., Dekel, E., Bren, A., Alon, U., Negative auto-regulation increases the input 1089 

dynamic-range of the arabinose system of Escherichia coli. BMC Systems Biology. 5, 111 (2011). 1090 

31. Gerhardt, K. P. et al. An open-hardware platform for optogenetics and photobiology. 1091 

Scientific Reports. 6, 35363 (2016). 1092 



32. Szczesny, R. J. et al. Versatile approach for functional analysis of human proteins and 1093 

efficient stable cell line generation using FLP-mediated recombination system. PLoS One. 13 (3), 1094 

e0194887 (2018). 1095 

33. Taxis, C., Development of a synthetic switch to control protein stability in eukaryotic cells 1096 

with light. Methods in Molecular Biology. 1596, 241–255 (2017). 1097 

34. Grav, L. M. et al. Minimizing clonal variation during mammalian cell line engineering for 1098 

improved systems biology data generation. ACS Synthetic Biology. 7 (9), 2148–2159 (2018). 1099 

35. Brophy, J. A., Voigt, C. A. Principles of genetic circuit design. Nature Methods. 11 (5), 508–1100 

520 (2014). 1101 

36. Yeoh, J. W. et al. An automated biomodel selection system (BMSS) for gene circuit 1102 

designs. ACS Synthetic Biology. 8 (7), 1484–1497 (2019). 1103 

37. Usherenko, S. et al. Photo-sensitive degron variants for tuning protein stability by light. 1104 

BMC Systems Biology. 8, 128 (2014). 1105 

38. Muller, K., Zurbriggen, M. D., Weber, W. An optogenetic upgrade for the Tet-OFF system. 1106 

Biotechnology and Bioengineering. 112 (7), 1483–1487 (2015). 1107 

39. Klotzsche, M., Berens, C., Hillen, W. A peptide triggers allostery in tet repressor by binding 1108 

to a unique site. Journal of Biological Chemistry. 280 (26), 24591–2459 (2005). 1109 

40. Wang, X., Chen, X., Yang, Y. Spatiotemporal control of gene expression by a light-1110 

switchable transgene system. Nature Methods. 9 (3), 266–269 (2012). 1111 

41. Herrou, J., Crosson, S. Function, structure and mechanism of bacterial photosensory LOV 1112 

proteins. Nature Reviews Microbiology. 9 (10), 713–723 (2011). 1113 

42. Yao, F. et al. Tetracycline repressor, tetR, rather than the tetR-mammalian cell 1114 

transcription factor fusion derivatives, regulates inducible gene expression in mammalian cells. 1115 

Human Gene Therapy. 9 (13), 1939–1950 (1998). 1116 

43. Erlich, H. A. PCR technology : Principles and Applications for DNA Amplification. Stockton 1117 

Press, New York (1989). 1118 

44. Sambrook, J., Russell, D. W., Sambrook, J. The condensed protocols from Molecular 1119 

cloning : a laboratory manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York 1120 

(2006). 1121 

45. Felgner, P. L. et al. Lipofection: a highly efficient, lipid-mediated DNA-transfection 1122 

procedure. Proceedings of the National Academy of Sciences of the United States of America. 84 1123 

(21), 7413–7417 (1987). 1124 

46. Gerhardt, K. P., Castillo-Hair, S. M., Tabor, J. J. DIY optogenetics: Building, programming, 1125 

and using the Light Plate Apparatus. Methods in Enzymology. 624, 197–226 (2019). 1126 

47. TaborLab IRIS Software. http://taborlab.github.io/Iris/index.html (2021) 1127 

48. Stockley, J. H. et al. Surpassing light-induced cell damage in vitro with novel cell culture 1128 

media. Scientific Reports. 7 (1), 849 (2017). 1129 

49. Gordon, A. et al. Single-cell quantification of molecules and rates using open-source 1130 

microscope-based cytometry. Nature Methods. 4 (2), 175–181 (2007). 1131 

50. Ordovas, L. et al. Efficient recombinase-mediated cassette exchange in hPSCs to study the 1132 

hepatocyte lineage reveals AAVS1 locus-mediated transgene inhibition. Stem Cell Reports. 5 (5), 1133 

918–931 (2015). 1134 

51. Gomez Tejeda Zanudo, J. et al. Towards control of cellular decision-making networks in 1135 

the epithelial-to-mesenchymal transition. Physical Biology. 16 (3), 031002 (2019). 1136 

http://taborlab.github.io/Iris/index.html


52. Sweeney, K., Moreno Morales, N., Burmeister, Z., Nimunkar, A. J., McClean, M. N. Easy 1137 

calibration of the Light Plate Apparatus for optogenetic experiments. MethodsX. 6, 1480–1488 1138 

(2019). 1139 

53. Ravindran, P. T., Wilson, M. Z., Jena, S. G., Toettcher, J. E. Engineering combinatorial and 1140 

dynamic decoders using synthetic immediate-early genes. Communications Biology. 3 (1), 436 1141 

(2020). 1142 

54. Chen, X., Wang, X., Du, Z., Ma, Z., Yang, Y. Spatiotemporal control of gene expression in 1143 

mammalian cells and in mice using the LightOn system. Current Protocols in Chemical Biology. 5 1144 

(2), 111–129 (2013). 1145 

55. Guinn, M. T. Engineering human cells with synthetic gene circuits elucidates how protein 1146 

levels generate phenotypic landscapes. Ph.D., State University of New York at Stony Brook, Ann 1147 

Arbor (2020). 1148 

56. Farquhar, K. S. et al. Role of network-mediated stochasticity in mammalian drug 1149 

resistance. Nature Communications. 10 (1), 2766 (2019). 1150 

57. Polstein, L. R., Gersbach, C. A. A light-inducible CRISPR-Cas9 system for control of 1151 

endogenous gene activation. Nature Chemistry & Biology. 11 (3), 198–200 (2015). 1152 

58. Guinn, M. T. et al. Observation and control of gene expression noise: Barrier crossing 1153 

analogies between drug resistance and metastasis. Frontiers in Genetics. 11, 586726 (2020). 1154 

59. Levine, J. H., Lin, Y., Elowitz, M. B. Functional roles of pulsing in genetic circuits. Science. 1155 

342 (6163), 1193–1200 (2013). 1156 

60. Rullan, M., Benzinger, D., Schmidt, G. W., Milias-Argeitis, A., Khammash, M. An 1157 

optogenetic platform for real-time, single-cell interrogation of stochastic transcriptional 1158 

regulation. Molecular Cell. 70 (4), 745–756 e6 (2018). 1159 

61. Perkins, M. L., Benzinger, D., Arcak, M., Khammash, M. Cell-in-the-loop pattern formation 1160 

with optogenetically emulated cell-to-cell signaling. Nature Communications. 11 (1), 1355 (2020). 1161 

 1162 



Figure 1 Click here to access/download;Figure;figure 1_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341921&guid=9ff5c1f1-220c-4100-96bc-f2645c5f51ab&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341921&guid=9ff5c1f1-220c-4100-96bc-f2645c5f51ab&scheme=1


Figure 2 Click here to access/download;Figure;figure 2_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341922&guid=8e05dfd0-e82a-41e6-a22e-bb86bb35857f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341922&guid=8e05dfd0-e82a-41e6-a22e-bb86bb35857f&scheme=1


Figure 3 Click here to access/download;Figure;figure 3_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341923&guid=b5c3dee3-f14e-4dbd-a9ab-29c73c03942b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341923&guid=b5c3dee3-f14e-4dbd-a9ab-29c73c03942b&scheme=1


Figure 4 Click here to access/download;Figure;figure 4_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341924&guid=5d737353-31b5-45d2-b877-601f10366dc5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341924&guid=5d737353-31b5-45d2-b877-601f10366dc5&scheme=1


Figure 5 Click here to access/download;Figure;figure 5_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341925&guid=f0eb8443-6eae-4228-80c8-3985b3832e04&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341925&guid=f0eb8443-6eae-4228-80c8-3985b3832e04&scheme=1


Figure 6 Click here to access/download;Figure;figure 6_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341926&guid=1c6160cb-b600-48c4-a444-53ba2e04b553&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341926&guid=1c6160cb-b600-48c4-a444-53ba2e04b553&scheme=1


Figure 7 Click here to access/download;Figure;figure 7_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341927&guid=d7c6afa1-02b5-4e24-a609-389b72156529&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341927&guid=d7c6afa1-02b5-4e24-a609-389b72156529&scheme=1


Figure 8 Click here to access/download;Figure;figure 8_resubmit-01.jpg

https://www.editorialmanager.com/jove/download.aspx?id=1341928&guid=4f45c614-b839-45d0-8f37-5f05927ce42d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1341928&guid=4f45c614-b839-45d0-8f37-5f05927ce42d&scheme=1


Fragment Ratio Size (bp)
DNA fragment weight 

concentration (ng/μL)

DNA fragment molar 

concentration (fmol/μL)

Mother Vector 

fragment 1 
1 3414 18.2 8.626608476

Mother Vector 

fragment 2
1 4642 18.1 6.309684121

Gene of 

Interest
1 549 37.9 111.7018505

Total

Table 1.  
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Volume (μL)
Resulting DNA molar mass 

(fmol)

4.09093293 35.29087669

5.593128913 35.29087669

0.315938156 35.29087669

10 105.87

Table 1.  
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Sample 1 Sample 2 Sample 3

Reverse Transcriptase 

Master Mix Volume (μL)
4 4 4

RNA Template (1000 ng) 

Volume (μL)
2 3.003003 4

NF-H20 Volume (μL) 14 12.996997 12

Total Volume (μL) 20 20 20

Table 3. 
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Sample 1 Sample 2 Sample 1 & 2 Multiplexed

GFP Probe Volume (μL) 1 ----- 1

GAPDH Probe Volume (μL) ------ 1 1

DNA polymerase Master Mix 

Volume (μL)
10 10 10

cDNA (100 ng) Volume (μL) 2 2 2

NF-H20 Volume (μL) 7 7 7
Total Volume (μL) 20 20 20

Table 4. 
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as relevant information, and our previous major and minor concerns have been fully addressed. 
We recommend the article for publication. 
 
 
We thank Reviewer 2 for the opportunity to improve this work and share the findings with the other 
research groups. 
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Reviewer #3: 
Manuscript Summary: 
 
In this manuscript the authors provide a detailed end-to-end protocol that will aid others who wish 
to apply optogenetics in their synthetic biotechnological research. They cover the important steps 
in this process, from design to biological implementation to experimentation. Particularly 
commendable is the attention they pay to calibration and measurement, as these are often difficult 
to standardize in optogenetic systems and between laboratories and many studies priv. The 
authors also discuss the potential benefits of negative feedback for optogenetic systems, and 
present some data to support this. The manuscript has previously been through review, and the 
authors have effectively addressed most of the reviewers' critiques. My comments below are 
therefore mostly minor, addressing a few outstanding concerns. 
 
We thank Reviewer 3 for the comments and opportunity to improve this work with the listed 

suggestions. We have attempted to address both major & minor concerns below.  

 
Major Concerns: 

1. My only major concern is one that echoes points previously raised by both reviewers. 
Namely, the manuscript's primary goal seems to be an outline of experimental processes 
for application of optogenetics in Synthetic Biology. However, the authors then go on to 
spend a significant amount of space in introductory sections expounding on the potential 
benefits of negative feedback circuits (largely re-stating conclusions from their previously 
published work). Overall I do not believe this split message _significalty_ detracts from the 
manuscripts goals, but it was potentially confusing for a first-time reader of their work. For 
example, as I read I was waiting for a section on experimental design/tuning/realisation of 
negative feedback systems which never came (aside from a brief mention of promoter 
design on line 131).  

Perhaps to address this point the authors might reconsider how they present the 
key motivations of their work in the Introduction. Specifically, rather than focusing on 
negative feedback as an important regulatory feature in and of itself (which they do not 
subsequently develop further), it could be mentioned more as a "means-to-an-end", i.e. 
as a method via which they will demonstrate their optogenetic protocol's ability to measure 
cell-to-cell variability. In essence, the underlying message of the introductory sections 
could be changed from (excuse my paraphrasing) "Optogenetics is useful. Also, negative 
feedback is useful." to something more like "Optogenetics is useful. Here we demonstrate 
this with a negative feedback system." 

a. Thank you for this comment. Indeed, the focus is on the optogenetic methods with 
the NF system serving as an example for potential applications and the work would 
benefit from rephrasing this. We have attempted to rephrase the Introduction to 
give more focus to the optogenetic method, showing that the NF system is one 
particular example to demonstrate this, but that the methods can be used for other 
optogenetic gene circuits. 

 
Minor Concerns: 

1. If the authors elect to leave significant discussion of the properties/benefits of negative 
feedback in their manuscript, some of this should be tightened up. For example, negative 
feedback alone does not counteract "any" (line 67) change from setpoint and take the 
expression level "back to the setpoint" (line 69) unless the control system is perfectly 
adapting (i.e. integral control), which is typically not achieved by simple negative 
autoregulation architectures. That is, negative autoregulation does _reduce_ variability, 



but it does not eliminate it entirely. As another example, the paragraph beginning Line 66 
might highlight some of the tradeoffs inherent in negative feedback (i.e. it can also reduce 
absolute expression levels, fold-change of output, change response/rise time, etc). 

a. Thank you, we adjusted the Introduction to deemphasize NF. Additionally, we 
changed the paragraph mentioned in this comment, referring deviations from 
steady-states. 

2. There have been some recent studies on optogenetic control of noise which the authors 
would do well to cite (for example: http://dx.doi.org/10.1038/s41467-018-05882-2) given 
this closely parallels their work and may indeed represent an interesting future application 
for their light plate. 

a. Thank you for your suggestion. This and other references to recent works in noise 
controlling optogenetic gene circuits were added to the Introduction and 
Discussion. 

3. Initial steps in the protocol (i.e. 1.1, 1.2) regarding design of gene circuits might benefit to 
other protocol or review papers that provide greater detail. Given that genetic design is 
not the core message of this protocol it seems reasonable to leave these sections quite 
tearse, but it would be beneficial to include references that would provide the reader 
further background (if they are interested). 

a. This is a good point and we have adjusted steps 1.1 & 1.2 to be briefer with 
appropriate references for more background readers may wish to explore.  

4. Following from the above, step 1.3 might include additional references. The instruction 
"fuse a domain to the repressor" could be interpreted in many ways (and if done incorrectly 
would lead to a non-functional system!). Are there any citations (even to the author's past 
work) that could be included here for the interested (or uninformed) reader? 

a. Thank you for pointing out this ambiguous point. We have attempted to clarify this 
step and also added additional references that may be of interest to readers 
wishing to learn more on the topic.  

5. Step 3.5.2 - it might be useful to tell the reader exactly what "changes [that] occur with 
variation in light parameters" (line 343) they should be looking for, and how these observed 
changes can thus be used to "determine the ideal range for the experimental setup" (Line 
344). Admittedly some of this is subsequently discussed around Line 723, but perhaps 
some of these features would better be mentioned earlier. 

a. Thank you for pointing out this protocol point that can be better specified. We have 
attempted to clarify the main changes to look for, including cell survival, and have 
listed other features that may be of interest to readers. 

6. Following the above, it would be worthwhile to carefully read the manuscript and add 
detail/citations to the (many) steps where reference is made to other/standard laboratory 
techniques. As another specific example, Line 133 starts with "Proceed to primer design 
(minimum 2)." Minimum 2 what? Primers? 

a. We have attempted to address this comment by adding citations for the principles 
of gene circuit design, molecular cloning techniques, and cell culture. Additionally, 
we clarified line 133 by changing it to: “Design primers for DNA sequence 
amplification or sequencing of the plasmid using the molecular cloning software 
for each gene circuit.” 

 
 

http://dx.doi.org/10.1038/s41467-018-05882-2


Reviewer #4: 
Manuscript Summary: 
 
The methodology of constructing a robust light driven synthetic negative feedback loop gene 
circuit in mammalian cells is introduced. Step by step introduction to gene circuit design, cell line 
engineering, light induction and fluorescence detection are given. Examples of the protocol use 
are presented on several figures. 
 
The original MS was carefully evaluated by two referees. Their major concerns all have been 
addressed by the authors in this resubmitted version. These changes greatly improved the MS, 
especially in introducing the whole concept and background to optogenetics. 
I do not have further concerns and suggest the acceptance of this revised version. 
 
 
We thank Reviewer 4 for the comments and opportunity to share the findings with the other 
research groups.  



Reviewer #5: 
Manuscript Summary: 
 
This methods article provides steps for creating and characterizing optogenetic gene circuits for 
controlling downstream functional genes of interest. The paper outlines detailed steps for 
generating mammalian cell lines with stable integration of the gene circuit, constructing a high-
through light induction device and characterizing the constructed cell line using different 
measurement techniques. The entire pipeline is demonstrated with a previously published gene 
circuit by the authors. The protocol is well written and will be a useful tool for a broad range of 
users. Particularly, researchers looking to adopt optogenetics for noise control will find this paper 
helpful for quickly getting up to speed. However, the following points should be addressed. 
 
Major Concerns: 

1. Users might not a priori know for what range of the induction light intensity the light-sensing 
domain exhibits a monotonic response. If the users desire a monotonic response, as is 
the case most of time, it will be instructive if the authors include brief steps for identifying 
this range. I assume this range of intensity values will be a factor affecting the LPA 
calibration step contingent upon the experimental requirements and the properties of the 
light-sensing domain. The authors previously observed a non-monotonic response for the 
VVD system in their original LITer publication (reference 18). Maybe they can briefly 
reproduce their strategy in that paper here. 

a. Thank you, this is a great point that is not discussed much in literature. To address 
this point, we have added the following section in the protocol section to help 
readers approach this issue in their own optogenetic system: 

b. “3.5.4 In addition to restricting light values because of toxicity, users may wish to 
restrict light values to characterize a particular part of the dose-response, such as 
the range of monotone response. To achieve this, users should initially scan a wide 
range of light intensities, pulse durations or duty cycles depending on the modality 
being analyzed when determining the desired dose response (Table 2) to narrow 
in on the light regime of interest, e.g., where gene expression correlates positively 
with increasing light values for a monotonic dose-response. To determine this light 
range of interest, users should program an LPA with 24 light conditions for a single 
plate or more conditions (e.g. 48, 72, 96, etc.) depending on if multiple LPAs can 
be calibrated to deliver equivalent light amounts and proceed with the cell culture 
work or assays outlined below. Therefore, users should always start 
characterization of an optogenetic system with a wide dose-range of light stimuli 
to determine the range interval that gives the desired gene expression, and 
subsequently perform experiments in that refined dose range. For example, in this 
work once 3000 g.s. units was determined as the threshold for toxic light intensity, 
this threshold was used as the upper bound of light for assays outlined below (e.g. 
immunofluorescence).  

c. NOTE: These steps above are independent of the optical calibration of the LPA 
and refer to a molecular-level calibration for each optogenetic system.” 

d. Regarding calibration, in our experience the optical and molecular LPA calibration 
are two independent, important and necessary calibration steps. More specifically, 
the optical calibration of the LPA is performed independently of the biological 
system used, where calibration results in the intensity of light from one LED (well) 
to match the intensity of light from another LED (well) as long as both LEDs are 
programmed to output the same intensity. Optical calibration is required initially, 
and later occasionally if changing the actual LEDs. On the other hand, the dose-



response calibration in our experience has to be done for each new optogenetic 
system tested. 

2. Negative feedback based genetic circuits, LITer in particular, are presented as systems 
for precise control of mean expression with low gene expression noise. The representative 
results and the original LITer publication (reference 18) demonstrate this in comparison to 
a positive regulation system like VVD. However, another aspect to gene expression 
control could be increasing expression heterogeneity rather than decreasing noise. 
Increased expression noise is relevant for many biological processes such as fate 
decisions in viruses, development in stem cells or drug resistance in cancer. The LITer 
system or other feedback topologies can potentially be combined with bursty promoters 
to precisely control (increase or decrease) expression noise, in addition to the mean, by 
using the protocol presented in this paper. I suggest that the authors expound on this in 
the discussion section to broaden the scope for application of the presented method. 

a. Thank you for this valuable suggestion. We have adjusted the discussion to have 
a more developed section on this topic: “Additionally, the methods outlined above 
are highly modular for essentially any gene circuit architecture expressing genes-
of-interest, with the main potential modifications to the protocols at the circuit 
construction step and the assays conducted. In the case of gene circuit 
construction, the flexibility of molecular cloning allows any gene of interest to be 
exchanged or co-expressed with a fluorescence marker with minor modifications 
to primer design or assembly protocols. Additionally, while the procedures outlined 
here focus mostly on a NF gene circuit design for precise (low-noise) gene 
expression control, other architectures such as positive regulation or positive 
feedback (PF) can be implemented to achieve different features like high-fold 
change or high gene expression noise respectively. Using a variety of gene circuit 
architectures (e.g. PF, NF, etc.) can allow researchers to explore diverse biological 
questions such as the roles protein magnitudes and noise play in phenomenon 
such as drug-resistance or metastasis. The protocols listed here also focus on 
various ways of gene expression quantification, but any number of functional 
assays (e.g. cell motility, wound-healing, proliferation, etc.) can be added after 
microscopy acquisition with little to no effect on the preceding methods. This is 
especially relevant to single-cell studies where optogenetics can use 
spatiotemporal induction to study behaviors such as pulsatile expression 
dynamics.” 

 
Minor Concerns: 

1. Coefficient of variation (CV) is mentioned as a 'measure of noise'. However, readers 
unfamiliar with noise biology research might be confused by this. Consider giving the exact 
definition of CV (= σ/μ). Standard deviation and mean should be known to the community 
at large. 

a. Thank you, we added the definition of CV in the Introduction. 
2. Was a live stain, such as propidium iodide (PI), used for the flow-cytometry experiments 

or only forward and side scatter were used to gate for live cells? 

a. In this study, no live stain was used given the region of dead cells/debris is well 

known in HEK293 and its derivative FLP293, however we adjusted the protocol to 

state using propidium iodide as a suitable alternative for calculating the cell survival 

percentage in a population. 
3. On line 355, what image analysis method is used to perform the calibration step? Are 

steps 3.7.1 to 3.7.3 the aforementioned analysis method? If yes, please make this explicit 



in step 3.7. Maybe something like, '...(here an image analysis method (3.7.1-3.7.3) is 
used)...'. 

a. Thank you for pointing out this ambiguity. We have adjusted the protocol, so it now 

reads as follows: “calibrate the LPA using an Image analysis method (steps 3.7.1-

3.7.3).” 

4. On lines 361 and 362, it should be '...and the reset button (physical button on LPA) 
pressed...'. 

a. We have corrected this statement so it is clear that the reset button must be pressed 

in order to start the LPA. 
5. On line 398, should be '...(Figure 2D)'. 

a. We have changed the protocol as suggested. 
6. On line 418, should be '...growth...' and not '...grow...'. 

a. Thank you, we have changed the manuscript as suggested. 
7. On lines 447 to 451, the authors state that 'NOTE: Optimal exposure times, gain levels, 

and light source intensities are often derived empirically from the experience of this 
work...'. Further, it is stated that these parameters should be selected to maximize signal-
to-noise ratios, minimize phototoxicity, minimize oversaturation of fluorescence signals, 
and increase the ability to amplify weak fluorescence signals. Was this multi-objective 
optimization performed ad-hoc or an optimization heuristic based on experimental data 
was used for this purpose? If the latter was used, it will be helpful to briefly mention the 
outline of such a heuristic. 

a. Thank you for this question. The optimization was grossly performed ad-hoc, 
however previous experimental values (e.g. oversaturation of fluorescence) 
guided future experimental settings when applicable. To clarify this, we added the 
following to the text: “Users can optimize these parameters grossly ad-hoc, 
however previous experimental values (e.g. light source intensity causing 
oversaturation of fluorescence reporter) can guide future experimental settings 
when applicable. For example, the gain settings, exposure times, and light intensity 
initial values from one circuit (LITer1.0) or experimental setup (e.g. light intensity) 
can be used a starting point when moving to a similar but different gene circuit 
(LITer2.0) or a different light modality (e.g. light duty cycle).” 

b. “It should be noted optimal exposure times, gain levels, and light source intensities 
are often derived empirically from the experience of this work to minimize 
oversaturation in the fluorescence reporter, minimize cellular damage, and capture 
adequate images for qualitative & quantitative analysis.” 

8. On lines 502 and 503, it should be '...for creating this gate...' and not '...for creating this 
well...'. 

a. Thank you, this was changed. 
9. On lines 787 and 788, Guinn and Balázsi (2020) should be reference 27 and not 8. 

a. Thank you, we corrected the citation. 
10. On lines 815, 842, 852, 866 and 871, Guinn (2019) should be reference 18 and not 8. 

a. Thank you, we have corrected the citations mentioned. 
 

Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 
a. Thank you, this was completed. 

2. Line 27-37: Please rephrase the Summary to clearly describe the protocol and its 
applications in complete sentences between 10-50 words. Consider moving lines 32-37 
to the discussion. 



a. The summary was shortened and rephrased, with previous information moved to 
the discussion. 

3. Line 230-233: Please elaborate on the step by adding more details. A citation would 
suffice. 

a. Thank you, a citation was added. 
4. Line 258-259: Please specify the seeding density. 

a. This was clarified to indicate 1 cell per well. 

5. Line 262/264: Please mention the percentage of confluency. 

a. This was clarified to indicate the percentage of confluence. 

6. Line 277-278: Please ensure both the citations are relevant. Ref 23 is Nevozhay, D. and 
Zal, T., Balazsi, G (2013) and ref 25 is Gerhardt et al. (2016). There cannot be two 
reference numbers superscripted to one reference. Please revise the same in steps 3.1.1-
3.1.5. 

a. Thank you, the references were changed to the correct references. 
7. Line 358-359/366: Please check and insert the correct reference number. 

a. This has been corrected.  
8. Line 416-425: The Protocol should contain only action items that direct the reader to do 

something. Please move the discussion about the protocol to the Discussion. 
a. This section of the protocol was removed from the methods section and added to 

the discussion. 
9. Line 787-788: Please include the correct reference number. The authors, year, and the 

reference number do not match (Figures 1,2,5, 6, 7, 8). 
a. This has been corrected. 

10. Line 836-837/ 865-868/ 870-875: Please include the details of the statistical analysis 
performed. 

a. This has been added to the figures. 
11. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from 

one highlighted step to the next. Please highlight complete sentences (not parts of 
sentences). Please ensure that the highlighted part of the step includes at least one action 
that is written in the imperative tense. 

a. Thank you, this was completed. 
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