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ABSTRACT: Optimization of engineered biological systems requires
precise control over the rates and timing of gene expression. Optogenetics
is used to dynamically control gene expression as an alternative to
conventional chemical-based methods since it provides a more convenient
interface between digital control software and microbial culture. Here, we
describe the construction of a real-time optogenetics platform, which
performs closed-loop control over the CcaR-CcaS two-plasmid system in
Escherichia coli. We showed the first model-based design approach by
constructing a nonlinear representation of the CcaR-CcaS system, tuned the
model through open-loop experimentation to capture the experimental
behavior, and applied the model in silico to inform the necessary changes to
build a closed-loop optogenetic control system. Our system periodically
induces and represses the CcaR-CcaS system while recording optical density
and fluorescence using image processing techniques. We highlight the facile nature of constructing our system and how our model-
based design approach will potentially be used to model other systems requiring closed-loop optogenetic control.

A core problem throughout synthetic biology is control
over gene expression. Over the years, there have been

numerous works presenting standardized parts for modulating
gene expression in various model organisms.1−6 Tools like
these are crucial to titrate the stoichiometric balance of target
biochemical reactions and to limit toxicity within a cell. The
control over the timing of gene expression is another important
aspect that plays a crucial role in biochemical reactions.
Applications such as chemical7 or protein production8 are
improved further by decoupling biomass accumulation from
production by externally toggling the expression of target
genes. Dynamic control over the timing of cellular events is
also very useful for discovering new biological processes.9

Typically, dynamic gene control uses chemically inducible
systems such as the lac operon in Escherichia coli10,11 or
galactose induction in Saccharomyces cerevisiae.7,12 Despite
widespread use, chemical induction suffers from several
limitations. Chemical inducers inherently change the bio-
chemistry of a system, potentially leading to crosstalk13 and
toxicity,14 while the concentration will vary over time due to
break-down.15 There are also nucleic acid or CRISPRi
regulators that have emerged as powerful tools to operate at
the transcriptional or translational levels to control gene
expression.16−20 These regulatory circuits have been used to
further optimize metabolic pathways21,22 or to enhance
capabilities in precision medicine.23

A powerful method for controlling gene expression is
optogenetics, which uses light to influence expression at the
level of transcription.24,25 Optogenetic switches are sourced

from photodependent systems in bacteria,26,27 plants,28,29 and
fungi30 to name a few. In contrast to chemical induction,
optogenetics offers precise time-varying modes of control since
light can be instantaneously added or removed from a system.9

Furthermore, automated light delivery can be achieved with
minimal electronics and computer setup.31 As a result, there
has been a sharp increase in the number of recent optogenetic
applications, particularly in the areas of closed-loop gene
control.32−39 With optogenetics, closed-loop control is
achieved by modulating the light intensity and tuning a
closed-loop controller using a model of a target system.9,40−47

The most straightforward method to develop a closed-loop
controller is to use a linearized model of a target system. Since
optogenetics systems (e.g., CcaS-CcaR or CcaSR) are
inherently nonlinear,25 manually tuning a controller using a
linear model to obtain estimates of the gains can be
cumbersome and requires frequent trial-and-error experimen-
tation. Starting with an accurate nonlinear model, rate
parameters such as transcription and translation, protein
degradation, and cell growth can be determined, providing
accurate in silico predictions of the system’s behavior.
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Recent optogenetics systems have not found widespread
adoption due to various limitations. First, many of these setups
are only capable of controlling expression in one sample.37,41

This is not ideal if there is a desire to simultaneously test
multiple conditions such as gene expression rate targets.31,38,48

Typically, these works make use of custom light plate
apparatuses to deliver two or more distinct wavelengths.
Although these systems can be easily reproduced, they are not
capable of both real-time measurement of optical density and
fluorescence, as well as control over gene expression, unless
integrated with a separate chemostat system.41 In addition,
works presenting closed-loop control9,41 use trial-and-error
experimentation to tune controllers and do not supply
mathematical justification for their design choices, adding an
unnecessary amount of time and uncertainty to executing the
experiments. Given these limitations, we have developed a
concise method for closed-loop control over gene expression
using optogenetics.
We present an easy-to-construct optogenetics platform

(which we call the “RT-OGENE” or “Real-Time Optical
GENEtics” system) consisting of a camera with a zoom lens,
3D-printed parts, a heating element, and a light-emitting diode
(LED) matrix circuit board fabricated in-house. Our system
regulates the CcaSR gene network in E. coli while measuring
both optical density and fluorescence. The integration of
camera vision to measure samples greatly simplifies the setup
and significantly reduces equipment cost when building an
optogenetic system. We represent the CcaSR gene network
(i.e., the plantthe transfer function between the input and
output of the system) using a set of nonlinear differential
equations with rate parameters established from open-loop
experimentation. Next, we mathematically showed the
sufficiency of a PID controller and comprehensively described
in silico techniques to tune the controller, avoiding a lengthy
trial-and-error process requiring long culturing periods. Finally,
we show the capability of controlling gene expression in
multiple bacterial samples cultured in a well plate and
microfluidic formats under closed loop to verify the model-
based design and “hardware-in-the-loop” approaches.

■ EXPERIMENTAL SECTION

Model-Based Design of the CcaSR-V2 Model. As
shown in Figure S9, we implemented a model-based design
(MBD)49 approach to develop a controller for gene
expression.50 Briefly, the mathematical model represented the
biological system (i.e., the plant) and was approximated to be a
linear-time-invariant (LTI). Following the plant design, the
entire system (PID controller, feedback, and plant) was
modeled in the digital z-domain using two methods: the
CasSR model was transformed using the zero-order-hold
(ZOH) method and the controller, differentiator, and the low-
pass-filter were transformed using Euler’s backward method
(Figure S11A). The sampling time for the discrete conversion
was chosen to be 30 min. This time frame was set for two main
reasons: (1) to minimize the cross-activation of the promoter
by the GFP-signal itself and (2) to meet the minimum
necessary sampling demand for the system’s dynamics. A root
locus method was used to tune the controller for stability using
MATLAB Simulink Control System toolbox to convert the
continuous time controller to discrete time controller and to
perform the root locus analysis (Figure S10). For a description
of the comprehensive model (time-invariant and variant

models) of the CcaSR system, see the Supporting Information
and Tables S1−S4.

Open-Loop Experiments. Prior to the experiment, DH5α
co-transformed with pSR58.6 and pSR43.6r was diluted to
1:10 (to OD600 = ∼0.3) using LB supplemented with 1:1000
(1 μg/mL) spectinomycin and 1:1000 (1 μg/mL) chlor-
amphenicol. The optogenetic setup was connected to a PC by
a USB connection and to a 12 and 5 V power supply to drive
the LEDs and the heating element. One hundred microliters of
the cells were aliquoted into the well plate and incubated at 37
°C. Twenty microliters of silicon oil were loaded into each well
to reduce evaporation of the samples. During the experiment,
each well was exposed to different ratios of green-to-red light
illumination conditions. Three open-loop experiments were
performed using three different illumination schemes: (1)
constant, (2) pulse, and (3) random illumination. For the
constant illumination scheme, the wells were exposed to
different ratios (0, 30, 45%) of green-to-red light for 6 h. For
the pulse illumination scheme, cultures were exposed to a 40%
green-to-red light ratio for 5 h. For the random illumination
scheme, cultures were exposed to a range of ratios (0−90%) of
green-to-red light ratio for 16 h. For all illumination schemes,
cultures were initially exposed to red light for 1 h. Fluorescence
and OD600 values were measured periodically every 30 min and
obtained using image-based techniques (as described in the
light calibration section in the Supporting Information). All
fluorescence measurements were initiated by exciting the
samples using the blue LED set at 20% excitation power. The
fluorescence and OD600 values were periodically obtained by
image-based techniques (see the Light delivery system,
operation, and calibration in the Supporting Information)
using an in-house Python program and recorded into a log file.
For open-loop microfluidic experiments, the media used in

the device were identical to those used for the well plate (see
above). The device was mounted on the plate holder inside the
optogenetic setup and incubated at 37 °C for 21 h. At 0 h, the
device was loaded with co-transformed CcaSR bacterial cells
(at an OD600 of 0.35). Each microfluidic well was exposed to
one of the ratios of green-to-red light −10, 20, 40, and 60%.
Fluorescence was detected by exciting the samples using the
blue LED set at 85% excitation power in each microfluidic well.
The fluorescence and OD600 values were recorded every 30
min.

Closed-Loop Experiments. Protocols to prepare samples,
to load samples into the well plate or microfluidic device, and
to set up the optogenetics system followed the procedures of
the open-loop experiment. An in-house Python script was
written to implement the PID control algorithm similar to our
previous work.51 The PID controller contains three gain
coefficients: KP, KI, and KD for the proportional, integral, and
derivative terms in the PID controller equation. For closed-
loop experiments, the measurements and controller’s output
were calculated every 30 min. The gains for each experiment
were set to the following: KP = 6 or 7 and KI = 0.5 or 0.2,
which were chosen by the root locus plots (Figure S10). KD
was set to 0 since the derivative term represents anticipatory
control, which was not required for our experiments. Table S5
describes all of the parameters used for each closed-loop
experiment. Mathematically, the closed-loop control followed a
five-step algorithm presented in Figure S9.

Statistics. Tolerance bands (±15%) were added to the
setpoint of the closed-loop experiments to show reproduci-
bility and to show the correlation of the output to the setpoint
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for graphs in Figures 3A,D, 4D, and S14 and S15. In
experiments with multiple setpoints (Figure 3A), a paired, two-
tailed, t-test was performed by selecting an equal set of values
(n = 10) within the tolerance margins for each setpoint (i.e., 8
and 12 a.u/h). A normalized cross-correlation coefficient
(time-dependent Pearson correlation coefficient) was deter-
mined between the setpoint and the response. The steady-state
error was calculated for each closed-loop experiment (Table
S5) by calculating the absolute value of the average error
between the setpoint and the response. The steady-state value
was measured for each experiment after oscillations in the
response converged on ±15% of the setpoint. All statistical
calculations were performed on Excel using functions T-TEST
(for t-test) and CORREL (for Pearson correlation coefficient).

■ RESULTS AND DISCUSSION

Characterization of the RT-OGENE System. In the
“real-time optogenetics” (RT-OGENE) system (for design and
setup, see the Supporting Information; Figures S1−S4), we
used green and red light (λ = 520 and 650 nm) to dose the
CcaSR system, respectively, and blue light (λ = 480 nm) to
excite GFP (the reporter expressed by the CcaSR system).
While the optimal induction spectrum of the CcaSR overlaps
with green light, the spectrum also overlaps (to a lesser extent)
with blue light (λ = 480 nm) used for GFP excitation (Figure
S5A,B). We hypothesized that the activation and emission of
the CcaSR system under blue light excitation (instead of the
green light) will also induce protein expression. As an initial
test, we have alternated exposure of samples to blue and red
light periodically every 5 h, while measuring fluorescence every
hour. As shown in Figure 1A, GFP levels clearly increase while
samples are under blue light. Similarly, the GFP expression rate
increases during blue light exposure (a 2−4-fold increase
compared to red light exposure) (Figure 1B). We also
normalized the fluorescence measurement by the OD600
measurement (Figure 1C) to determine if the increase in
fluorescence is due to growth, and as expected, blue light is the
cause for the increases in fluorescence over time (P < 0.05;
Figure 1D). Although blue light induces GFP expression, it is

only after 5 h this is observed. Hence, to minimize the effect of
the blue light on the CcaSR system, we only activated the blue
light for a short duration (650 ms) to measure the GFP
fluorescence and continued to use green and red lights to
regulate the CcaSR system.
A key feature of the RT-OGENE system is the ability to

control multiple samples independently through simultaneous
activation of multiple lights. Controlling the gene expression of
multiple samples require the simultaneous activation of several
LEDs. LEDs are a popular light source for optogenetics given
they are cheap, and their small footprint leads to easy
integration with other equipment (e.g., microscope). The
problem with LEDs is that the light spreads in every direction,
which can generate light crosstalk adjacent to the target sample
(Figure S6A). This problem is even magnified if we are trying
to illuminate samples that are close in proximity (especially in
microfluidic devices42). This problem can be solved using the
methods described here; on our system, the light from the
LED is guided through a beam narrow plate (containing small
apertures) that will block light into the adjacent wells (Figure
S6B). As shown in Figure S6C, we measured the light intensity
in an adjacent well for the green and red light with a beam
narrow plate and obtained a very minimal crosstalk 0.008 and
0.08%, respectively (compared to 0.05 and 0.5% without the
beam narrow plate). We further tested light crosstalk with cell
samples transformed with the CcaSR system, and as expected,
the measured fluorescence intensities (after 6 h of constant
green illumination) are minimal in the adjacent well (Figure
S6D). Although we observe a fold-change in the fluorescence
in the adjacent (and dark) wells, we hypothesize that this is
due to the leaky transcription of the system25 together with cell
growth during the 6 h and not due to light crosstalk (see
Figures S7 and S8 for OD/fluorescence calibration of our
system in the Supporting Information). Considering this result,
we propose that future work will incorporate an optimized
variant of the CcaSR system with reduced leaky expression27

and improved light delivery such as direct integration of fibers
or collimating optics to reduce the light bleed in adjacent
wells.52

Figure 1. CcaSR sensitivity to blue light. (A) Fluorescence accumulation of GFP over 24 h due to periodic activation (blue) and deactivation (red)
of the CcaSR system every 5 h. (B) Illumination profile: induction (shaded blue) and repression (shaded red) cycles and the rate of change in the
GFP expression rate (shaded green). The shaded green area represents the average and ± 1 S.D with n = 4. (C) Graph showing changes in OD
during the experiment. (D) Normalized amount of accumulated GFP over OD represented as a bar plot. A fluorescence and OD600 value were
obtained at the end of every red or blue light irradiation cycle. A Student’s t-test (p = 0.02 < 0.05) was performed on the normalized fluorescence
values over the red light cycles to show the effect of blue light.
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Model-Based Design. After optimizing our RT-OGENE
system, we turned our attention to implementing the model-
based design (MBD) methodology toward the CcaSR system.
Although there are optogenetic systems for analyzing gene
expression (in plates/tubes38 and in microfluidics53), we are
not aware of any publications using an MBD approach in this
capacity. MBD is well suited for this task because it enables
developers to test and verify their solution at early stages of
design via modeling rather than endure a prolonged trial-and-
error process using a complex biological system (like
CcaSR).54 For example, we can model the “plant” (the
CcaSR) system via differential equations (Tables S1 and S2)
and rapidly find a tuned controller suitable for controlling gene
expression instead of trial-and-error experimentation to tune
the system toward the desired output.41,55 Our approach can
be a cheaper and more efficient approach to implementing
feedback control of gene expression using optogenetics (for the
detailed MBD methodology, see Figure S9).
To obtain initial values for our plant, we followed Ang et

al.56 to find the transcription, translation, and decay
coefficients to match the rise and fall times of GFP expression.
We executed an open-loop experiment under a mixture of
green/red light (0/100, 30/70, 45/55%) for 7 h to find initial
values of our plant such that the model is tuned to fit the
experimental results (Tables S3 and S4). Using this method,
we are able to achieve a model that shows similar responses to
the experiment (Figure 2A). We also measured the OD
(Figure 2B) to determine if the low rate of expression at 100%
red light is due to growth or leakiness of the promoter.27 We
compared the normalized GFP/OD values at 1, 3, and 5 h and
obtained different values (16.5, 18.5, and 20, respectively),
which suggests that the increase is most likely due to the
leakiness of the CcaSR system, which we included in our plant

model. We also validated the robustness of our plant by
executing other illumination schemes (pulsed and random).
Generally, we observe similar trends in the fluorescence output
for the plant compared to the pulsed (Figure 2C,D) and
random (Figure 2E,F) experiments. However, given the day-
to-day variability of the cells and the global metabolic changes
to the cells, this can cause a variety of unexpected expression
trajectories.41 For example, cells will exhibit different rates of
(de)phosphorylation, which can contribute to the differences
between our plant and experiment and may improve by
refining the plant in future work. Regardless, the similar trends
between the model and experiment establish a plant that can
be used to tune our controller in silico.
The controller that we used for this work is a PID. We used

a root locus method to determine gain coefficients (KP = 6.0,
KI = 0.5, and KD = 0) for the controller, which is connected to
the plant in our model. Through simulations, we verified that
the controller is stable (i.e., poles are within the unit circle;
Figure S10A) and it maintains a high gain margin (∼6.8) to
account for the variability in the cell responses. To validate the
controller’s performance, we simulated a discrete closed-loop
system to track a constant reference expression rate (Figure
S11A). As shown in Figure S11B, three different expression
rates were simulated: 4, 8, and 16 a.u/h and all rates reached
their target value after ∼11 h (measured within 2% of the
target). The chosen K values (a Kp/Ki ratio of ∼12) show fast
convergence with minimal overshoot (∼15%) for all three
tested expression rates of 4, 8, and 16 a.u/h and this result is
comparable to other PID controllers used to control the
CcaSR system.41 Hence, we show that we can model the
CcaSR, tune the controller without trial-and-error experimen-
tation, and use it for the closed-loop experiments described
below.

Figure 2. Tuning RT-OGENE via open-loop experiments. The fluorescence and absorbance profiles of transformed CcaSR bacteria grown under
different green and red light illumination profiles. (A) Constant: experimental and simulated profiles of fluorescence when bacteria were grown
under three conditions: 0% green light, 30% green light (i.e., cycles 3 min green and 7 min red), and 45% green light (i.e., cycles of 4.5 min green
and 5.5 min red) for the full duration of the experiment of 7 h. The model was manually tuned to fit the experiment results. (B) OD600 profile for
constant inducer experiment (n = 3). (C) Pulsed: experimental (green solid) and simulated (black solid) profiles of fluorescence when bacteria
were grown under green and red light at 40% duty cycle with a period time of 10 min for 4 h. The activation pulse is indicated by a dotted black
line. (D) OD600 profile for the pulsed experiment (n = 4). (E) Random: experimental (green solid) and simulated (black solid) profiles of
fluorescence when bacteria were grown under various green and red light between 0 and 90% duty cycle with a period time of 10 min for the full
duration of the experiment of 16 h. The activation pulse is indicated by a dotted black line. (F) OD600 profile for the pulsed experiment (n = 4). For
all absorbance curves, the solid line represents the average of the absorbance measurements and the red shaded region indicates ± one standard
deviation of the average.
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Closed-Loop Experiments. In microbes such as E.coli, the
expression of enzymes must be finely tuned and timed to
maximize the yield of valuable products.57−59 With this
motivation (and to verify our MBD approach), we integrated
the tuned PID controller with our RT-OGENE system to
control GFP expression.56 In the first test, the expression level
of GFP was set to a low expression rate (8 a.u/h) for 14 h and
the system monitored the rate of fluorescence and the
illumination profiles (see Figure S12 for the algorithm). As
shown in Figure 3A, the rate immediately starts to increase
toward the setpoint by activating the inducer (i.e., green light).
At 3 h, there is a high overshoot from the target by ∼90%;
however, the system activates the repressor (i.e., red light) to
reduce the rate back to the target when the overshoot starts to
occur and the rate starts to converge around the setpoint
(±30%) after 6 h (Figure 3B). We further increased the
setpoint to 12 a.u/h at 14 h and the system was able to
respond toward the target. A t-test analysis of the GFP
response data under these different setpoints shows that they
are significant (p ≪ 0.01). A normalized cross-correlation
coefficient of 0.823 between the setpoint signal and the GFP
response shows excellent correlation, but cells are slow to
respond to the light activation due to the time delay of 2 h (i.e.,
the delay of the GFP expression rate to the changing setpoint)
to obtain this correlation. During the 24 h, we observe a total
fluorescence accumulation and a growth rate (∼0.07 h−1)
similar to the previous open-loop control experiments (Figure
3C). Next, we set the target rate to a higher expression rate of
22 a.u/h. As expected, the GFP accumulated rapidly toward
the setpoint and reached the target after 2 h (Figure 3D).

Similar to the lower setpoint, once the target is reached, there
is a high overshoot (∼90%), but the red light is activated to
reduce the overshoot (Figure 3E). Typically, PID controllers
require very high gain settings to achieve such a fast rise, which
inevitably will also result in large oscillations and overshoot.41

We explored solutions for reducing the overshoot, namely, by
tuning the PID parameters (Figure S13A) and changing the
setpoint gradually (Figure S13B). Additionally, different
controllers may provide a decreased overshoot when applied
to our hardware.42,60 Despite the overshoot, we do achieve the
target expression rate (Figure 3A,D) and stable growth of the
cells (Figure 3C,F).
Having established a closed-loop controller with the RT-

OGENE system to simultaneously regulate expression for
samples with the same setpoint, we applied the RT-OGENE
system to regulate expression at two different setpoints to
further investigate our system’s performance. Generally, there
are only reports of controlling one setpoint41 and as far as we
are aware, this is the first report of an optogenetic method that
is designed to control two different setpoints simultaneously.
We have prepared four bacterial cultures at a starting OD of
0.3 a.u. and two wells were set to a constant rate of 14 a.u/h
and two different wells were set to a constant rate of 28 a.u/h.
As shown in Figure S14A,B, the system steadily increased
toward their setpoints with an overshoot of 30 and 80%. As
expected, the higher setpoint showed a higher overshoot and
required a longer duration to stabilize near the target. The
stabilization is more prominent from the light inputas more
oscillations (between the inducer and repressor) are shown
when the setpoint is reached (Figure S14C,D). The GFP

Figure 3. Closed-loop step response. Comparison of fluorescence and absorbance profiles of transformed CcaSR bacteria grown under closed-loop
control for a (A−C) low target setpoint and a (D−F) high target setpoint. (A) Expression rate setpoint of GFP was set to 8 a.u./h for 14 h and then
increased to 12 a.u./h (red line; n = 4) with tolerance margins ± 15% (dotted red lines). The real-time tracking of the GFP expression rate is
indicated by a black line. Statistical analysis shows a significant change in the output when the setpoint is changed (p ≪ 0.01). A maximum
normalized cross-correlation coefficient of 0.825 was determined between the setpoint and response signals at an offset of 2 h. (B) Overall
accumulation of GFP in the system (green curve) and the illumination profile (shaded green and red areas) for the low rate setpoint. (C) OD600
profile for the bacteria cells controlled at the low rate setpoint. (D) Expression rate setpoint of GFP was set to 22 a.u/h (red line; n = 4) with
tolerance margins ± 15% (dotted red lines). The real-time tracking of the GFP expression rate is indicated by a black line. (E) Overall
accumulation of GFP in the system (green curve) and the illumination profile (shaded green and red areas) for the high rate setpoint. (F) OD600
profile for the bacteria cells controlled at the high rate setpoint. For all absorbance curves, the solid line represents the average of the absorbance
measurements and the red shaded region indicates ± one standard deviation of the average. Error bars also represent ± 1 S.D with n = 4.
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accumulation also shows increases in both cases with the
higher target exhibiting higher fluorescence values. We
extended our experiments to track and to control four different
setpoints (0, 4, 6, and 9 a.u/h) and the results are consistent
with the above set of closed-loop experiments (Figure S14E,F).
Finally, we inoculated the starting culture at different OD600
values (0.35 and 0.55) to determine if the starting density will
affect the tracking behavior. When samples contained more
bacteria at the start (Figure S15A), it showed a steeper increase
in the GFP expression rate during the first 5 h and it also
reached its setpoint faster (9 vs 10 h). We also observed a
smaller overshoot (120%) in contrast to samples with lower
starting OD (250%; Figure S15B). These trends are
expectedsince cell density (which is expressing GFP) can
reach the target values faster if the cells are outputting a
fluorescence close to the target setpoint.61 Although the model
gene used here (GFP) is well characterized, we propose in the
future that the MBD approach may be used to rapidly design
the closed-loop optogenetics system to control other genes,
reducing the time and costs associated with trial-and-error
experimentation.
Microfluidic Platform. Microfluidics is becoming popular

to analyze single-cell responses using optogenetics.40,42 Here,
we want to show the versatility of our system, i.e., the RT-
OGENE is well suited for well plates and adaptable to other
platforms like microfluidics. We fabricated a device (Figure
4A) that consists of one continuous channel, shaped in a U-
configuration with four incubation chambers that are 1.5 mm
in height (translates to ∼ 2.25 μL of culture media). We
applied our RT-OGENE system to monitor the rate of gene
expression of GFP and cell growth in the microfluidic
chambers. As expected, fluorescence measurements at 60%
inducer strength produced the highest production rate after 20
h and at 10% the fluorescence values showed the lowest
production rate (Figure 4B). In addition, we have measured
the OD for each well and have observed high variations in the
average OD (Figure 4C). We speculate that the variations in
the OD measurements may be caused by several factors (path
length, optics, etc). The most likely is that the microfluidic
channel is connected and there is no separation between the

wells, which will allow bacteria to diffuse to other wells in the
channel, which can vastly affect the OD readings in each well.
We also integrate the microfluidics to control gene

expression in the microfluidic wells using the same previously
tuned controller. We initially exposed the samples to green
light and set a target rate of 6 a.u/h. Although the volumes of
the samples were 40 times smaller, they all reached the target
setpoint after ∼8 h, which is similar to the trends seen in the
well-plate experiments (Figure 4D). The similarities in the
overshoot and steady-state error between the microfluidics and
well plates indicate that our system can be used to track
expression levels in samples cultured in microfluidic devices.
Furthermore, because our platform processes fluorescence data
real time, it can monitor the illumination inputs as well as
informing the total accumulation of GFP in the system (Figure
4E). In future work, we plan to make improvements to the
device itself to reduce both leakage and bacterial diffusion
using a mother machine microfluidic device that is capable of
examining optogenetic circuits in a single-cell format62,63 or
the use of digital microfluidics given their inherent ability for
individual addressability and control.64 Using these platforms,
the variability in the measurements (especially in OD) could
be decreased while still allowing many samples to be controlled
via our optogenetics system.

■ CONCLUSIONS

A real-time optogenetics platform for tracking gene expression
under open- and closed-loop control has been developed using
a standard camera, 3D-printed parts, and an electronic board
to house a matrix of LEDs and switches. This optogenetics
system operates using light to control gene expression levels in
four bacterial samples through measurement of the optical
density and fluorescence of the cells in culture. We are the first
to use a model-based design approach to model the CcaSR
system and tune our controller in silico without trial-and-error
experimentation. We verified the approach by applying it to
controlling the gene expression levels of GFP. We believe that
this new approach may be beneficial for other laboratories
interested in using optogenetics to control gene expression of
different genes and many samples and conditions.

Figure 4. Microfluidic platform. Testing the RT-OGENE system with a microfluidic platform. (A) Image of the microfluidic device used for open-
and closed-loop experiments. Open-loop response. (B) GFP accumulation in response to different inducer strengths (10, 20, 40, and 60%) in the
four microfluidic wells. 10% represents cycles of 1 min green and 9 min red. (C) Averaged OD600 profile for the bacteria cells in response to 10, 20,
and 60% inducer. Closed-loop response. (D) Output GFP expression rate (solid black line) at a target setpoint of 8 a.u./h (solid red line) with
tolerance margins ± 15% (dotted red lines). (E) Overall accumulation of GFP in the system (green curve) and the illumination profile (shaded
green and red areas) for the closed-loop control experiment. Error bars also represent ± 1 S.D. with n = 4.
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Commun. 2017, 8, No. 1535.
(54) Crook, N.; Alper, H. S. Chem. Eng. Sci. 2013, 103, 2−11.
(55) Milias-Argeitis, A.; Summers, S.; Stewart-Ornstein, J.; Zuleta, I.;
Pincus, D.; El-Samad, H.; Khammash, M.; Lygeros, J. Nat. Biotechnol.
2011, 29, 1114−1116.
(56) Ang, J.; Harris, E.; Hussey, B. J.; Kil, R.; McMillen, D. R. ACS
Synth. Biol. 2013, 2, 547−567.

(57) Ajikumar, P. K.; Xiao, W. H.; Tyo, K. E.; Wang, Y.; Simeon, F.;
Leonard, E.; Mucha, O.; Phon, T. H.; Pfeifer, B.; Stephanopoulos, G.
Science 2010, 330, 70−74.
(58) Nicolaou, S. A.; Gaida, S. M.; Papoutsakis, E. T. Metab. Eng.
2010, 12, 307−331.
(59) Peabody, G. L.; Winkler, J.; Kao, K. C. Curr. Opin. Chem. Eng.
2014, 6, 9−17.
(60) Fiore, G.; Perrino, G.; di Bernardo, M.; di Bernardo, D. ACS
Synth. Biol. 2016, 5, 154−162.
(61) Kawasaki, S.; Borchert, C.; Deyholos, M.; Wang, H.; Brazille,
S.; Kawai, K.; Galbraith, D.; Bohnert, H. J. Plant Cell 2001, 13, 889−
905.
(62) Lugagne, J. B.; Dunlop, M. J. Curr. Opin. Syst. Biol. 2019, 14,
1−8.
(63) Potvin-Trottier, L.; Luro, S.; Paulsson, J. Curr. Opin. Microbiol.
2018, 43, 186−192.
(64) Husser, M. C.; Vo, P. Q. N.; Sinha, H.; Ahmadi, F.; Shih, S. C.
C. ACS Synth. Biol. 2018, 7, 933−944.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c04594
Anal. Chem. 2021, 93, 3181−3188

3188

https://dx.doi.org/10.1016/j.ymben.2016.07.007
https://dx.doi.org/10.3389/fcell.2017.00077
https://dx.doi.org/10.1093/nar/gkw548
https://dx.doi.org/10.1021/sb500273n
https://dx.doi.org/10.1021/sb500273n
https://dx.doi.org/10.1021/acssynbio.7b00289
https://dx.doi.org/10.1021/acssynbio.7b00289
https://dx.doi.org/10.1002/cbic.201800007
https://dx.doi.org/10.1093/nar/gkz585
https://dx.doi.org/10.1073/pnas.1707190114
https://dx.doi.org/10.1128/mBio.00626-18
https://dx.doi.org/10.1038/srep35363
https://dx.doi.org/10.3389/fmicb.2018.02692
https://dx.doi.org/10.3389/fmicb.2018.02692
https://dx.doi.org/10.1002/advs.201800952
https://dx.doi.org/10.1002/advs.201800952
https://dx.doi.org/10.1038/nature26141
https://dx.doi.org/10.1146/annurev-neuro-061010-113817
https://dx.doi.org/10.1146/annurev-neuro-061010-113817
https://dx.doi.org/10.1021/acssynbio.9b00395
https://dx.doi.org/10.1021/acssynbio.9b00395
https://dx.doi.org/10.1021/acssynbio.7b00091
https://dx.doi.org/10.1016/j.jmb.2013.07.036
https://dx.doi.org/10.1016/j.jmb.2013.07.036
https://dx.doi.org/10.1021/acssynbio.5b00141
https://dx.doi.org/10.1021/acssynbio.5b00141
https://dx.doi.org/10.1016/j.molcel.2018.04.012
https://dx.doi.org/10.1038/ncomms12546
https://dx.doi.org/10.1038/s41467-017-01683-1
https://dx.doi.org/10.1038/s41467-017-01683-1
https://dx.doi.org/10.1039/c3ib40102b
https://dx.doi.org/10.1371/journal.pcbi.1003625
https://dx.doi.org/10.1371/journal.pcbi.1003625
https://dx.doi.org/10.1038/nmeth.2884
https://dx.doi.org/10.1073/pnas.1423947112
https://dx.doi.org/10.1073/pnas.1206810109
https://dx.doi.org/10.1073/pnas.1206810109
https://dx.doi.org/10.1038/s41596-019-0178-y
https://dx.doi.org/10.1073/pnas.0801826105
https://dx.doi.org/10.1021/acs.analchem.8b05754
https://dx.doi.org/10.1039/C5CS00649J
https://dx.doi.org/10.1038/s41467-017-01683-1
https://dx.doi.org/10.1038/s41467-017-01683-1
https://dx.doi.org/10.1016/j.ces.2012.12.022
https://dx.doi.org/10.1038/nbt.2018
https://dx.doi.org/10.1038/nbt.2018
https://dx.doi.org/10.1021/sb4000564
https://dx.doi.org/10.1021/sb4000564
https://dx.doi.org/10.1126/science.1191652
https://dx.doi.org/10.1016/j.ymben.2010.03.004
https://dx.doi.org/10.1016/j.ymben.2010.03.004
https://dx.doi.org/10.1016/j.coche.2014.08.001
https://dx.doi.org/10.1016/j.coche.2014.08.001
https://dx.doi.org/10.1021/acssynbio.5b00135
https://dx.doi.org/10.1021/acssynbio.5b00135
https://dx.doi.org/10.1105/tpc.13.4.889
https://dx.doi.org/10.1105/tpc.13.4.889
https://dx.doi.org/10.1016/j.coisb.2019.01.001
https://dx.doi.org/10.1016/j.coisb.2019.01.001
https://dx.doi.org/10.1016/j.mib.2017.12.004
https://dx.doi.org/10.1016/j.mib.2017.12.004
https://dx.doi.org/10.1021/acssynbio.8b00025
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04594?ref=pdf

