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Reagents and plasmids 

Unless specified otherwise, general-use chemicals were purchased from Sigma Aldrich (St. Louis, MO). 

Competent E. coli DH5α strains were stored at -80 °C before transformation procedures. Three plasmids 

were used for this study: pSR43.6r and pSR58.6 (Addgene plasmid # 63197 and #63176) and pFAB4876 

(donated from the Joint Bioenergy Institute). LB (lysogeny broth) bacterial growth media was prepared 

with 1% w/v tryptone, 0.5% w/v yeast extract and 0.5% w/v NaCl and sterilized by autoclave. Kanamycin 

(50 mg/mL ddH2O), spectinomycin (25 mg/mL ddH2O) and chloramphenicol (50 mg/mL 95% EtOH) 

antibiotic stock solutions were prepared and stored at -20 °C. For experiments with antibiotics, they were 

added into the bacterial culture at indicated dilutions. 

 

Light delivery system, operation, and calibration  

The optogenetics system is shown in Figure S1A.  There are four modules: (1) a camera with a long-pass 

filter to measure the pixel intensities of the bacterial cells, (2) a well-plate (or microfluidic) platform to 

culture and to incubate the bacterial cells, (3) an optical filter module placed along the illumination path 

that is used for fluorescence and absorbance measurements, and (4) an automated light delivery system to 

control the illumination profiles.  As illustrated in Figure S1B, the filter module contains an excitation 

filter (λex = 470 nm ±17 nm), and through-holes of different sizes to direct the light to the cell samples and 

to prevent light crosstalk between the different control-lights that are targeted to the different incubation 

areas. An OD diffuser is used to spread the light on the samples to obtain an accurate reading of the OD.  

In line with the light path, an adaptor is 3D printed to hold the LED board and the well-plate (or 

microfluidic device) (Figure S1C). The four modules are enclosed inside an incubation chamber that 

includes a heating element (used to maintain a constant temperature of 37 °C) and a temperature sensor to 

measure the temperature in real-time (Figure S2). The automated light delivery system consists of a LED 

driver and control board which is powered by a 12 V power supply and controlled by a Python based 

application running on a host computer (Figure S3).  A web-based feature of our software allows the 
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optogenetics setup to be remotely monitored and controlled (Figure S4; Video S1). As shown, our 

software displays the real-time images of the cells being illuminated by two wavelengths (λex = 480 nm 

and 650 nm) to measure the GFP and growth rate of the cells (Figure S4A-C). Further, the program is also 

capable of logging and plotting experiment telemetry in real-time (Figure S4D and E) while maintaining 

the temperature at the desired target (Figure S4F).  

The light delivery system (RT-OGENE) consisted of 2 x 2 matrix of RGB LEDs 

(APTF3216QBDZGSURKC, Kingbright) soldered onto the LED board. The four red (650 nm) and green 

(520 nm) LEDs are independently controlled, while the four blue (480 nm) LEDs have one common 

activation control (Figure S3). The illumination of red and green LED was controlled by an Arduino Uno 

that is serially connected to a control board containing solid-state switches (AQW216, Panasonic), a 9 kΩ 

resistor, and the LED. The four blue LEDs were driven by an H-bridge (MC33886, NXP) with a 1.5 Ω 

series resistor and by using a PWM signal that was generated by the Arduino. A 3D-printed optical-filter 

selector containing an excitation filter (470 nm, 67027, Edmund Optics) with multiple sized apertures (dia. 

1 mm) was placed 1 mm above the LED board. A well-plate or a microfluidic device was placed above 

the optical-filter selector (with the LEDs aligned below to the respective wells) and bacteria cultures were 

aliquoted into the individual wells. To obtain fluorescence and absorbance measurements, a long-pass 

filter (515nm, 66085, Edmund Optics) and µEye camera (USB2.0 DCC1645C, ThorLabs) were placed 40 

cm above the well-plate or microfluidic device. The light-delivery system was also integrated with a 

heating element to control temperature (TE technology INC, Texas, USA) and a servo (MG90S, Power 

Pro) to select the optical filters and apertures. Both components were connected to a control board 

supplying 5 V and 12 V. To control the CcaS-CcaR system, the green-to-red LEDs were 

activated/deactivated under continuous illumination conditions (with different ratio of green to red 

activation time over a period of 10 min). To control the blue LEDs, a pulse-width modulation signal 

(PWM) at a frequency of 1 kHz with a duty cycle of 16 % to 35 % was applied to the samples before 

fluorescence measurement.  
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 All 3D printed parts: the plate holder, filter-selector, heat-pump inlet and outlet funnels, were 

designed using Creo Elements/Direct (PTC, Boston, Massachusetts, USA).  All 3D printing .stl files were 

converted to Gcode using Cura 3D conversion (nozzle - 0.4 mm, material – PLA, and profile - high 

quality). All 3D parts were printed using the Ultimaker 2+ Extended machine and PLA material (Shop3D, 

Mississauga, ON, Canada). A detailed schematic of the optogenetics setup is shown in Figure S3. 

 To calibrate our system for OD600 measurements, four different OD dilutions (0.35, 0.4, 0.6, and 

0.8) were prepared and 100 µL of each dilution was added to each well (that are directly in-line with the 

LED).  To measure the OD600 using our optogenetics system, the red LED was driven at low intensity 

power of 25 µW for 650 ms. An image was captured showing the four detected samples and was used to 

calculate their respective pixel intensities. Using Open-CV2 (open source computer vision program, The 

OpenCV Library, Bradski, G., https://pypi.org/project/opencv-python/), the image was converted into an 

HSV (hue, saturation, value) color-space. The V channel (light intensity of the color value) of all pixels 

that reside inside the region of interest (20 x 20 pixels) and their H and S values are in the range H = 0 ± 

20, S = 250 ± 60 were averaged. Each averaged value was reference corrected such that the calculated 

value represents the amount of light that came out of the well and captured by the camera. The data from 

our system was correlated to reference measurements measured using a well-plate reader (TECAN Infinite 

M200). The reader settings used for the OD measurements are shown in Table S7. 

 Similarly, for fluorescence calibration, a set of six fluorescein dilutions (1:12, 1:16, 1:20, 1:24, 

1:28 and 1:32) were prepared by diluting 1 g of fluorescein (46955-100G-F, Sigma Aldrich) in 100 mL in 

1M NaOH. This stock solution was further diluted in distilled water to the final target dilution. 100 µL of 

each dilution was placed in each of the four wells and their fluorescence intensities were taken in a well-

plate reader (TECAN Infinite M200; see Table S8 for reader settings) and compared to the values obtained 

from the optogenetics system at 20 % excitation power. All wells were calibrated to a single reference well 

(arbitrarily chosen) by setting a gain correction value for each of the three wells.   
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Using the light-calibrated RT-OGENE system, the uniformity and the dynamic range of the optical 

density and fluorescence were compared between a standard well-plate reader and our system.  For OD 

measurements, the measured cell density was similar and with excellent linearity (Figure S7). For 

fluorescence, we used six fluorescein samples with different relative concentrations (1:6, 1:8, 1:10, 1:12, 

1:14, 1:16) and higher concentration samples (e.g., 1:6 and 1:8) showed high variability in our system 

compared to the plate reader (Figure S8A).  One reason for the variability is due to differences in excitation 

power between the individual LEDs under each well.  These differences translated into variations in the 

emitted excitation light which directly alters the fluorescence measurement. To alleviate the variability 

between the wells, we corrected the deviation by multiplying a scaling factor which normalizes the slopes 

to an arbitrarily chosen reference well.  As shown in Figure S8B, the scaling factor reduces the variation 

between well-to-well measurements.  Next, our system also showed limited dynamic range and poor 

sensitivity (compared to a well-plate reader) in fluorescence.  Typically, in a well-plate instrument, it 

requires a gain adjustment to make the signal more or less sensitive based on the signal from the well 

sample.  If the signal is intense, the well-plate adjusts the gain, so the signal is not saturated.  If the signal 

is weak, the gain is increased to intensify the signal.  In our system, we used a similar technique by 

determining a compensation function between the excitation power (i.e. gain) and the fluorescence signal 

to increase the sensitivity and the range of fluorescence that can be detected with our system (Figure S8 

C-E).  By using our compensation function, we obtained a ‘working zone’ (shown in green in Figure S8F) 

facilitating fluorescence measurements over a wide range of fluorescein concentrations independent of 

excitation power.  The compensation also avoids saturated measurement values thereby increasing the 

dynamic range of fluorescence detection and real-time measurement. 

 To increase the dynamic range of our fluorescence measurement, we derived an excitation power 

compensation function (Table S6). The amplification function, Amp(Expwr), was modeled using equation 

S6.1 and experimentally attained from equation S6.2. Experimental fluorescence measurements (Fraw) 

from 1:16 fluorescein dilutions were measured using an excitation power ranging from 4 - 50 % in 2 % 
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increments (n = 4). Next, the normalized amplification function (equation S6.2) was derived by dividing 

each measurement by the reference fluorescence measurement taken at 20 % excitation power. The 

excitation compensation function was fit to the inverse of the normalized amplification function as 

described in equation S6.3 (Figure S8D). During the experiment, the compensated fluorescence value 

(Fcomp) was calculated for each measurement in real-time. Each uncompensated fluorescence measurement 

was multiplied by the calculated compensation factor by using the respective excitation power as described 

in equation S6.4. This equation enabled an approximate calculation, up to a factor of the total amount of 

protein for a given compensated fluorescence measurement (equation S6.5).  For all fluorescence 

measurements, an image was captured showing the four detected samples and was used to calculate their 

respective pixel intensities. Quantifying the fluorescence levels was via a captured image (similar to 

absorbance measurements) except the boundaries for the H and S values were set to: H = 60 ± 20, S = 254 

± 60 for the green channel. The averaged value represented the amount of green light that came out of the 

well and captured by the camera. The reader settings used for fluorescence measurements is shown in 

Table S8. 

Bacterial cryopreservation, preparation, culture, and transformation 

Single bacterial colonies grown on petri dishes with appropriate antibiotics for selection were picked into 

30 mL of LB supplemented with 30 µL of spectinomycin or 30 µL chloramphenicol and incubated 

overnight at 37 °C with 200 rpm shaking. The bacteria culture was mixed at a 1:1 ratio with sterile 50 % 

glycerol, aliquoted, and stored at -80 °C. 

DH5α stored at -80 °C was streaked-out on a plate containing 8 % agar LB and grown overnight. 

After 24 h, one colony was picked from the plate and inoculated in 5 mL of LB and incubated overnight 

at 37 °C, 200 rpm. Then, 5 mL of the culture was added into 500 mL of fresh LB contained in a 1 L baffled 

flask and incubated at 37 °C with 200 rpm shaking until the OD600 measured 0.45. The bacteria were 

transferred to 50 mL centrifuge tubes, and recovered by centrifugation at 2000 g for 10 min at 4 °C. After 
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centrifugation, the supernatant was discarded, and the pellet was re-suspended in 50 mL of ice-cold 

solution containing 75 mM of CaCl2 and 15 % glycerol and incubated on ice for 5 min. The centrifugation 

and resuspension steps were then repeated. Lastly, the cell mixture was transferred to 50 µl aliquots in 1.5 

mL centrifuge tubes, snap frozen in liquid nitrogen, and stored at -80 °C. 

Chemically competent DH5α were co-transformed with pSR43.6r and pSR58.6 and were used in the 

optogenetic experiments. Prior to each experiment, DH5α cells were incubated overnight at 200 rpm and 

37 °C, and then diluted at 1:10 with LB supplemented with 1:1000 spectinomycin and 1:1000 

chloramphenicol antibiotics at a final volume of 1 mL. The typical range of OD600 of the diluted bacteria 

was made to 0.3 to 0.4.  Lower or higher initial OD600 were made by different dilutions. 

 Before transformation experiments, 50 µL aliquots of competent cells were thawed on ice for 10 

min. 50-100 ng of each plasmid (pSRil.6, pSR58.6) were added to the competent cells and mixed gently 

by flicking the tubes and incubated on ice for 30 min.  After incubation, the cell mixture was heat shocked 

at 42 °C for 30 s and then immediately placed back in the ice-bath for 3 min.  After incubation, 950 µL of 

super optimal broth with catabolite repression (SOC) was added to the cell mixture and incubated at 37 °C 

for one hour, allowing cells to recover. Following recovery, cells were plated on LB-agar selection plates 

containing both spectinomycin and chloramphenicol. Plates were stored overnight at 37 °C. After 24 h, 

single colonies were picked for experiments described below. 

Microfluidic device and fabrication 

A 3D-printed mold containing a U-channel (height = 1.5 mm; width 1.0 mm) was printed on PLA material 

using an Ultimaker 2+ Extended (Ultimaker, Netherlands).  After printing, the mold was filed and coated 

with acetone to achieve a smooth surface.  We used soft-lithography procedures to create the microfluidic 

device, similar to published procedures.1 Briefly, PDMS was prepared by mixing 10:1 with curing agent 

and was casted onto the mold. The mold with the PDMS was placed in a vacuum chamber for an hour to 

eliminate air bubbles in the PDMS.   Final curing was done at 45 °C overnight (~12 h).  The PDMS was 
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gently peeled off the mold and it was plasma treated (Corona-SB, Elveflow, France) for 20 s. The PDMS 

was then bonded to a plasma-treated glass slide and baked at 160 °C for 20 min to improve adhesion 

between the two pieces. The device was coated with AquapelTM (Aquapel) for 1 min and rinsed with water 

by pipetting to prepare for optogenetic experiments. 

Comprehensive model of the CcaSR system 

The comprehensive model of the CcaSR system followed the methodology for genetic regulation modeling 

using six first order, non-linear and time varying differential equations (shown in Table S1). Equations 

S1.1 - S1.3 represent the constitutive expression of CcaR RNA, the protein and phosphorylation expression 

of CcaR system using the red and green light intensity as two independent input variables (designated as 

ur(t) and ug(t)). The model simulated only the phosphorylation and dephosphorylation of the CcaR protein 

by light2 since it was assumed that the phosphorylation and dephosphorylation of both proteins occurs 

simultaneously and governed by the same input (i.e. the induced light). Equation S1.4 represents cell 

growth and equations S1.5 - S1.6 represents the RNA and protein expression of GFP.  These set of 

equations model the output of GFP production under different illumination profiles (see open and closed 

loop experiments).  Equation S1.7 was used to calculate a steady-state value of CcaR. The dependency on 

cell count was approximated by setting the rate of the GFP RNA transcription to be proportional to the 

number of cells in the system – i.e. the assumption that RNA transcription was done in parallel by all cells 

in the system.  All modeling was done by an in-house Python script and the solver used a fixed-step 

backward Euler method with a time step of 5 min.  Table S2 details converting the comprehensive model 

to a single input model with the initial values shown in Table S3. Table S4 details the conversion to a 

state-space, linear, single in-and-out model. 
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Table S1 – Equations for the comprehensive, non-linear, time-variant model 
 

Process Equation 

Equation (S1.1) Constitutive CcaR 
mRNA transcription 

d
dt

RNA&'()(t) = α.&'() + α&'() − γ&'() ∙ RNA&'()(t) 

Equation (S1.2) Transcription of de- 
phosphorylated CcaR 

d
dt

CcaR(t) = σ&'() ∙ RNA&'()(t) + β&'() ∙ CcaR(t) + U9:;(t)
∙ CcaR<(t) − U=9>(t) ∙ CcaR(t) 

Equation (S1.3) Phosphorylation of 
CcaR 

d
dt

CcaR<(t) = −β&'() ∙ CcaR<(t) + u=9>(t) ∙ CcaR(t) − u9:;(t)

∙ CcaR<(t) 

Equation (S1.4) Cell growth d
dt

Cells(t) = α':CCD − β':CCD ∙ cells(t) 

Equation (S1.5) Regulated 
transcription of GFP mRNA 

d
dt

RNAEFG(t) =
Cells(t)
CellsH(I

∙ (α.EFG + αEFG

∙
CcaR<(t)>)

(CcaRH(I ∙ KKLCC)> + CcaR<(t)>
− γEFG ∙ RNAEFG(t)) 

Equation (S1.6) Translation of GFP d
dt

GFP(t) = σEFG ∙ RNAEFG(t) − βEFG ∙ GFP(t) 

Equation (S1.7) Steady state value of 
CcaR CcaRH(I =

α':CCD
β':CCD

∙
α.&'() + α&'()

γ&'()
 

Note: All amounts are in arbitrary units (a.u); translation, decay and death rates are in s-1; transcription rate is in 
a.u . s-1; cell growth/decay rates are in a.u-1 . s-1; the amount of mRNA, proteins, and cells were chosen to be 
arbitrary (a.u) since the real amounts were not predicted. 
 

The non-linear, time-variant, single-in model 

We adapted the comprehensive model and created a non-linear, time-variant, single-in model (see Table 

S2 for equations and Table S3 for initial values). This model was used as an intermediate step toward the 

conversion of LTI model.  The input (or inducer) was defined to be the ratio between the green and red 

irradiation time which was normalized to be between [0,1] (where 0 is maximum red and 1 maximum 

green) and the outputs of the model were represented by (1) the total amount of GFP and (2) number of 

living cells in the system. 
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Table S2 – Equations for the non-linear, time-variant, single-in model 
 

Process Equation 
Equation (S2.1) Cell growth d

dt
cells(t) = α':CCD ∙ cells(t) ∙ (1 − cells(t)) − β':CCD ∙ cells(t) 

Equation (S2.2) Regulated transcription of 
GPF mRNA 

d
dt

RNAEFG(t) = cells(t) ∙ [α.EFG + αEFG ∙
𝑢𝑢L(t)>

𝑘𝑘KLCC
> + 𝑢𝑢L(t)>

− γEFG ∙ RNAEFG(t)] 
Equation (S2.3) Translation of GFP d

dt
GFP(t) = σEFG ∙ RNAEFG(t) − βEFG ∙ GFP(t) 

Note: All amounts are in arbitrary units (a.u); translation, decay and death rates are in s-1; transcription rate is in 
a.u . s-1; cell growth/decay rates are in a.u-1 . s-1; the amount of mRNA, proteins, and cells were chosen to be 
arbitrary (a.u) since the real amounts were not predicted. 
 
 
 
Table S3: Values used for non-linear, time-variant, single-in model 
 
α0CcaR = 0.002 - CcaR RNA leaky transcription rate 
αCcaR = 0.01508 - CcaR RNA transcription rate 
gCcaR = 0.0007 - CcaR RNA decay rate 
σCcaR = 0.01508 - CcaR Translation rate 
βCcaR = 0.01508 - CCaR decay rate 
α0GFP = 0.002 - GFP RNA leaky transcription rate 
αGFP = 0.08 - GFP RNA transcription rate 
gGFP = 0.00032 - GFP RNA decay rate 
σGFP = 0.000036 - GFP Translation rate 
βGFP = 0.0000002 - GFP decay rate 
Khill = 0.38 - Hills dissociation factor 
n = 2 - Hills cooperative factor 
σCells = 0.0009 - Cells growth rate 
βCells = 0.000015 - Cells death rate 
 
ured(t) - Induced red light (input 1) 
ugrn(t) - Induced green light (input 2) 
RNACcaR(t) - Amount of CcaR RNA 
RNAGFP(t) - Amount of GFP RNA 
CcaR(t) - Amount of dephosphorylated CcaR 
CcaRp (t) - Amount of phosphorylated CcaR 
GFP(t) - Amount of GFP (output 1) 
cells(t) – Normalized cell density between [0,1]; ‘1’ represents  (output 2) 
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The linear and time-invariant, single in-and-out model 
 

The model was further approximated to a linear and time-invariant form (Table S4). The linear model was 

used for the root-locus method to optimize the gain margin and controller coefficients to ensure stability 

of the overall system. The Hill function was linearized for three inducer equilibrium points: 0.1, 0.35 and 

0.6. The slope of the Hill function was calculated at each point. The slope multiplied by the input signal 

replaced the Hill function.  To simplify the model, the leaky factor of the RNAGFP was set to zero. The 

transformation of the continuous time model to discrete time was done using MATLAB Simulink Control 

System toolbox (Mathworks). The state-space representation of the model was (such that dx/dt = Ax(t) + 

Bui(t) and y(t) = GFP(t)): 

 

Table S4 – The state-space representation of the model 
Process Equation 

Equation (S4.1) Systems state matrix X = VRNAEFG(t)
GFP(t) W 

Equation (S4.2) State transition matrix A = V−γ_GFP 0
σ_GFP −β_GFPW 

Equation (S4.3) Input matrix B = VHillDC]< ∙ α_GFP
0

W 

Equation (S4.4) Output matrix C = [0 1] 

Equation (S4.5) Feedforward matrix D = 0 
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Table S5 – Parameters and conditions used for closed-loop experiments 
Experiment Gain 

coefficients 
Target 

condition 
Experimental conditions Steady 

state error 
Fig. 

Low expression 
rate 

KP = 6.0, 
KI = 0.5, 
KD = 0 

8 a.u./h 
12 a.u./h 

Initial OD600 = 0.35 
Excitation power = 20 % 

15%, 
18% 

3A 

High expression 
rate 

KP = 6.0, 
KI = 0.5, 
KD = 0 

22 a.u./h Initial OD600 = 0.35 
Excitation power = 14 % 

12% 3D 

Microfluidics KP = 7.0, 
KI = 0.2, 
KD = 0 

6 a.u./h Initial OD600 = 0.35 
Excitation power = 85 % 

N.A. 4D 

Reducing 
overshoot by PID 

re-tune 

KP = 10.0, KI = 
0.04, KD = 0 

12 a.u./h Initial OD600 = 0.35 
Excitation power = 18 % 

27% S13A 

Reducing 
overshoot by 

gradual transition 

KP = 7.0, 
KI = 0.2, 
KD = 0 

20 a.u./h Initial OD600 = 0.35 
Excitation power = 18 % 

10% S13B 

Multiple setpoints KP = 6.0, 
KI = 0.2, 
KD = 0 

14 a.u./h 
28 a.u./h 

Initial OD600 = 0.3 
Excitation power = 14 % 

6%, 
5% 

S14 

Different starting 
OD values 

KP = 7.0, 
KI = 0.2, 
KD = 0 

7 a.u./h Initial OD600 = 0.35, 0.55 
Excitation power = 20 % 

7%, 
8% 

S15 

 
 
Table S6 – Equations for Power Compensation 
Process Equation 
Equation (S6.1) Fluorescence 
measurement model 

F_`ab𝐸𝐸𝐸𝐸<e9f 	= GDh(h: ∙ Ampb𝐸𝐸𝐸𝐸<e9f	=		GDh(h: ∙ K ∙ Ampkl_mb𝐸𝐸𝐸𝐸<e9f 
 

Equation (S6.2) Normalized 
amplification Ampkl_mb𝐸𝐸𝐸𝐸<e9f = 	

F_`ab𝐸𝐸𝐸𝐸<e9f
F_`a(20%)  

Equation (S6.3) Excitation 
compensation 

ExCompbEx<e9f = [Amp>]9H(Ex<e9)]st ≅ 470.023 ∙ Ex<e9
sz..{ 

 
Equation (S6.4)  
Compensated fluorescence 
measurement 

F|lm} = F_`ab𝐸𝐸𝐸𝐸<e9f ∙ 	ExCompbEx<e9f 

Equation (S6.5) Estimated 
amount of GFP 

G~�`�Ä = Kst ∙ F9(eb𝐸𝐸𝐸𝐸<e9f ∙ Amp>]9H(Ex<e9)st 

Where: 
Expwr is the excitation power used during the fluorescence measurement (in %) 
Fraw is the fluorescence intensity value as captured by the light detector (camera) 
Fcomp is the compensated fluorescence measurement 
Gstate is the real amount of GFP in the system (cannot be measured directly) 
K is the factor that links between the compensated fluorescence value to amount of GFP (K = 1 in our experiments). 
Amp is the function that relates between Gstate and the excitation power to fluorescence intensity 
Ampnorm is the normalized AMP function. 
ExComp is the excitation power compensation function 
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Table S7: TECAN configuration for OD measurements 

Parameter Value Unit 

Multiple Reads per Well (Circle (filled)) 3 x 3  
Multiple Reads per Well (Border) 500 µm 
Wavelength 600 nm 
Bandwidth 9 nm 
Number of Flashes 25  
Settle Time 0 ms 

 
 
Table S8: TECAN configuration for fluorescence measurements 
 
Parameter Value Unit 
Multiple Reads per Well (Circle (filled)) 2 x 2  
Multiple Reads per Well (Border) 500 µm 
Excitation Wavelength 488 nm 
Emission Wavelength 530 nm 
Excitation Bandwidth 9 nm 
Emission Bandwidth 20 nm 
Gain 80 Manual 
Number of Flashes 25  
Integration Time 20 µs 
Lag Time 0 µs 
Settle Time 0 ms 
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Figure S1: Optogenetic optical design. (A) Real-time Optogenetic (RT-OGENE) setup. The setup 

consists of a camera, long-pass filter, a well-plate or microfluidic device, optical filter selector, and an 

adaptor for the platform. Blue arrows direct the path of a blue (470 nm) light beam originating from the 

LED. Green arrows direct the fluorescent (520 nm) signal emitted from the cells and detected by the 

camera. For OD600 measurements, the filter selector is in the OD diffuser position. Blue arrows also 

indicate the path of a red (650 nm) light beam originating from the LED. Green arrows indicate the 

scattered red-light signal from the cells and detected by the camera. For CcaSR control, the filter selector 

rotates to the light aperture position. Blue arrows indicate the path of a red or green (650 nm/520 nm) light 

originating from the LED. Images were not captured in this mode. (B) The 3D printed filter selector 

contains a filter slot for the 480 nm excitation filter, four control light apertures, and four OD diffusers. 

(C) A microfluidic device (left) or well plate (right) was mounted on the plate-holder. The plate holder 

contained the filter selector mechanism and the LED board (not shown).  
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Figure S2: RT-OGENE automation system connectivity.  A digital camera is located on top of the 

incubation chamber with a clear view over the incubation area. A plate holder module holding a well-plate 

(or microfluidic device) with bacterial cells is enclosed inside the incubator chamber. The plate-holder 

module includes a light delivery system consists of LED board that is driven by the LED driver and control 

board which are powered by a 12 V and 5 V power supplies (located outside of the chamber). The 

incubation chamber is insulated from ambient light and includes a heating element and temperature sensor 

used to maintain a constant temperature. The camera and control board are connected to the main controller 

(PC) that runs a software to control, monitors and log the entire experiment. 
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Figure S3: Light delivery connectivity.  (A) Illustration of the electrical components. The ArduShield is 

connected to the switch-board, servo motor, heating element and temperature sensor. The switch board is 

connected to the LED driver that is connected to the LED board. (B) The light delivery electrical diagram. 

The four red and green LEDs are connected to the switch-board through a 9 kW serial resistor. The four 

blue excitation LEDs are connected in parallel to 5V, 1 kHz PWM signal through a 1.5 W serial resistor. 

The excitation power is controlled by the duty cycle of the PWM signal 
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Figure S4: Real-time monitoring of the optogenetics experiment.  A snapshot of the JavaScript based 

webpage to remotely monitor and control the optogenetics experiment.  It consists of a real-time view of 

the (A) fluorescence and (B) OD600 pixelated values from the bacterial culture, (C) a parameter control 

toolbar consisting of fluorescence excitation power set and previous images navigation, (D) the 

fluorescence intensity and (E) the OD600 measurements over time of each sample, and (F) incubator 

temperature. 
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Figure S5: Light delivery spectrum. (A) The domain to control the optogenetic regulation. The CcaS-

CcaR activation and deactivation wavelengths are indicated by green (Pg) and red (Pr) lines, respectively. 

The green and red LED wavelengths are indicated by solid peaks. (B) The domain for GFP measurement 

and the potential crosstalk with the optogenetic activation spectrum. The CcaS-CcaR activation and 

deactivation wavelengths are indicated by green and red lines, respectively. The blue (sfGFP excitation 

spectrum), and green (sfGFP emitted spectrum) are indicated by solid peaks. 

  



S- 20 

 
Figure S6: Beam narrower setup and characterization. (A) The light-beam (green) coming out of the 

LED at a wide angle and spreads to the adjacent wells. (B) The small diameter holes (apertures) in the 

filter-selector, direct the light-beam to the target well and reduces its spread to the adjacent wells. (C) 

Evaluation of the effect on using a beam narrower. A target well was illuminated by green or red light and 

with or without a beam narrower. The % cross-talk value was calculated by dividing the light intensity 

from the adjacent well by the light intensity from the target wells multiplied by 100 %. (D) Evaluating the 

‘bleeding’ effect on samples containing bacterial cells. The quantification of the change in fluorescence 

values after being irradiated with green light for six hours in the target, adjacent, and a control ‘dark’ well.  

A ‘dark’ well was located 55 mm away from the target well. All error bars represent ± 1 S.D. 
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Figure S7: OD600 calibration of wells. (A) Images of four bacterial colonies in well-plates illuminated by 

a red light using the RT-OGENE system. High intensity of red color indicated regions with lower cell-

density. (B-E) Standard curves showing the relations between the measured red-light intensity using the 

RT-OGENE system and the OD600 from a well-plate reader for each well. The black lines represent the 

conversion function between the measured red pixels intensity to OD600. All error bars represent ± 1 S.D 

for n = 4. 
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Figure S8: Fluorescence calibration results.  Characterization of fluorescence measurements using the 

RT-OGENE system.  Standard curves compared the relation between the measured fluorescence intensity 

using the RT-OGENE system and from a well-plate reader (A) before and (B) after independently 

calibrating each well to a reference well. The dashed line represents an arbitrarily chosen reference well.  

(C) The curve that represents the relation between the amplification of the fluorescence measurement as a 

function of the excitation power.  (D) Plot showing the excitation compensation function. It was derived 

by calculating the inverse of the amplification function and approximated by the indicated function that 

was found using a power-fit function. (E, F) Evaluating the excitation compensation (E) before and (F) 

after applying excitation power compensation.  Five fluorescein dilutions were analyzed under different 

excitation power. For compensation, the highlighted green region shows the range of excitation power 

suitable for each fluorescence intensity.  The camera was saturated when the fluorescence values were 

outside the working zone (i.e. white area). All error bars represent ± 1 S.D for n = 4. 
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These are the steps outlining a model-based design approach to develop the controller: 

1. A non-linear, time-variant model of the biological plant was constructed (Table S1). 
2. The model was tuned with the averaged rate values from an open loop experiment.  We also 

measured gain and phase changes between the different batches of cells.  
3. The model was converted for a single input (Table S2; Table S3) 
4. The model was transformed into LTI by linearizing the Hill function at 35% inducer strength 

(Table S4)  
5. Inspection of the plant with the feedback revealed that there are no poles at s = 0 (Type 0). A 

controller with at least one pole at s = 0 (Type 1) will achieve zero steady state error for a step 
input signal. We implemented a PI controller with anti-windup (optional step).  

6. MATLAB was used to model the entire closed-loop system in the discrete Z-domain (Figure 
S11A). 

7. Implemented the root locus method to find the controller’s coefficients (KP, KI, KD) to achieve 
stability with gain-margin of four (Figure S10). 

8. The performance of the system was verified using a MATLAB simulation (Figure S11B). 
9. The controller was implemented and tested using a hardware-in-the-loop approach. 
10. The controller was deployed for closed-loop control (Figure 3; Table S5). 

 
Figure S9: Sequence of steps to implement model-based design methodology.  Steps 1 and 3 to 8 were 

implemented in silico while only one step required experimentation (step 2).  In step 2, an open-loop 

experiment was performed to obtain initial values for the non-linear model for the purpose of tuning the 

model.  No iterative steps were required. 
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Figure S10: Root Locus. (A) Root locus plot for a tuned controller using KP = 6.0, KI = 0.5, KD = 0 at 10 

% illuminator input power.  The poles of the system are denoted as x, while the zeros are denoted by o on 

the plot.  The filled squares are the location of the poles when the gain margin is set to ~ 4.7.  A unit circle 

(shown in dotted lines) is drawn to highlight the limit for a stable controller.  (B) Bode diagram showing 

magnitude and phase for the full system.  At the phase crossing of 180°, the gain margin is 16.6 dB (or 

6.76).  The gain margin is an indication of robustness such that the controller can account for variations in 

the cell responses.  
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Figure S11: Modelling in discrete time domain. (A) The block diagram in the discrete z-domain. A zero-

order-hold (ZOH) and a sampler were used to mathematically ‘match’ between the continuous nature of 

the plant, G(s), to the discrete nature of the real-time controller K(z). By using the ZOH and a sampler, 

G(s) can be transformed into G(z). The entire system can be simulated accurately in the z-domain.  (B)  

Simulation results of the model. Three target expression rates were simulated: 4 a.u/h (red), 8 a.u/h (green), 

and 16 a.u/h (blue).  The controller’s coefficients were set to 6, 0.5, and 0 for Kp, Ki, and Kd respectively. 
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Step 1: Compensation for excitation 
power 

𝐹𝐹|lm}[𝑛𝑛] = 𝐹𝐹_`a[𝑛𝑛] ∙ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐸𝐸𝐸𝐸[𝑛𝑛]) 

Step 2: Low pass filtering the 
measurement 𝐹𝐹àâä�Ä_Äã[𝑛𝑛] =

𝐹𝐹|lm}[𝑛𝑛] + 𝐹𝐹|lm}[𝑛𝑛 − 1]
2  

Step 3: Discrete differentiation 
𝐹𝐹𝐹𝐹[𝑛𝑛] =

𝐹𝐹àâä�Ä_Äã[𝑛𝑛] − 𝐹𝐹àâä�Ä_Äã[𝑛𝑛 − 1]
𝑇𝑇~

 

Step 4: The error signal 𝑒𝑒[𝑛𝑛] = 𝑆𝑆𝑆𝑆[𝑛𝑛] − 𝐹𝐹𝐹𝐹[𝑛𝑛] 
Step 5: The PID controller 

𝑌𝑌[𝑛𝑛] = 𝐾𝐾} ∙ 𝑒𝑒[𝑛𝑛] +ì𝐾𝐾â ∙ 𝑒𝑒[𝑛𝑛] ∙ 𝑇𝑇~

k

.

+ 𝐾𝐾ã

∙
𝑒𝑒[𝑛𝑛] − 𝑒𝑒[𝑛𝑛 − 1]

𝑇𝑇~
 

Note:   
Fraw[n] is the fluorescence intensity from the camera. 
Fcomp[n] is the compensated fluorescence measurement (for a given excitation power). 
Ffiltered[n] is the filtered fluorescence measurement (averaged of the last two samples). 
ExComp(x) is the compensation function (see Equation S6.3) 
EX[n] is the excitation power for a fluorescence[n] measurement (in %). 
FB[n] is the fluorescence rate of change (a.u./hour). 
e[n] is the error between the setpoint and the feedback signal. 
Ts is the control loop sampling period time (0.5 hour). 
SP[n] is the expression rate target value (a.u./hour). 
Kp, Ki, Kd are the proportional, integrative and differential gain coefficients. 
Y[n] is the controller’s output. 
 

Figure S12: Digital signal processing algorithm.  A five-step process for generating an output based on 

sensor information. Step 1 shows the formula for converting a raw fluorescence value into a corrected 

value based on the excitation power.  Step 2 applies a low pass filter by averaging the last two values.  Step 

3 applies discrete differentiation by solving for the rate of change of fluorescence.  Step 4 calculates the 

error between the setpoint (SP) and fluorescence rate of change (FB).   Step 5 applies a PID algorithm to 

determine the appropriate controller output (Y) based on the error (e).   
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Figure S13: Reducing overshoot.  (A) Closed-loop regulation using two sets of PID coefficients for a 

setpoint of 10 a.u./hour. Values of GFP expression rate when using PID controller (P=10.0, I=0.04, D=0) 

are shown in black line. Values in the case of PID controller (P=10.0, I=0.04, D=0) are shown in gray line 

(n=2). (B) Closed-loop regulation using gradual steps approach. Graph showing the changes in GFP 

expression rate for the gradual (black) vs step (gray) step transition for setpoints of 21 a.u./hour. In the 

case of the gradual transition the overshoot and settling time were significantly reduced. Error bars also 

represent ± 1 S.D with n = 2. 
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Figure S14: Simultaneous control of samples with different setpoints. Evaluation of controlling 

multiple setpoints in parallel using the RT-OGENE system.  Controlling two setpoints simultaneously: the 

expression rate of GFP was set to (A) 28 a.u./h in two replicates and (B) 14 a.u./h in two replicates (solid 

red lines). The averaged expression rate is indicated by a black line with tolerance margins ± 15 % (dotted 

red lines).  (C, D) The accumulation of GFP in the system (solid green line) and the illumination profile 

(shaded regions) for the closed loop control for (A) and (B) respectively.  Controlling four setpoints: (E) 

the expression rate of GFP (solid lines) is the closed-loop response to the setpoint (dotted lines) for each 

sample (matched by colour). (F) The accumulation of GFP in each sample. Error bars also represent ± 1 

S.D with n = 4. 
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Figure S15: Regulating protein expression rate when starting at different OD600 values. Graphs 

showing the closed-loop regulation of GFP expression rate in wells containing bacteria culture at different 

initial OD600 conditions (A) OD600 = 0.55 and (B) OD600 = 0.35. The expression rate of GFP was set to 8 

a.u./hour in both experiments (solid red line). The averaged expression rate is indicated by a black line 

with tolerance margins ± 15 % (dotted red lines).  Error bars also represent ± 1 S.D with n = 2. 

 


