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Forward engineering synthetic circuits are at the core of synthetic biology. Automated solutions will be required to facilitate circuit
design and implementation. Circuit design is increasingly being automated with design software, but innovations in experimental
automation are lagging behind. Microfluidic technologies made it possible to perform in vitro transcription-translation (tx-tl)
reactions with increasing throughput and sophistication, enabling screening and characterization of individual circuit elements
and complete circuit designs. Here, we developed an automated microfluidic cell-free processing unit (CFPU) that extends high-
throughput screening capabilities to a steady-state reaction environment, which is essential for the implementation and analysis
of more complex and dynamic circuits. The CFPU contains 280 chemostats that can be individually programmed with DNA
circuits. Each chemostat is periodically supplied with tx-tl reagents, giving rise to sustained, long-term steady-state conditions.
Using microfluidic pulse width modulation (PWM), the device is able to generate tx-tl reagent compositions in real time. The
device has higher throughput, lower reagent consumption, and overall higher functionality than current chemostat devices. We
applied this technology to map transcription factor-based repression under equilibrium conditions and implemented dynamic
gene circuits switchable by small molecules. We expect the CFPU to help bridge the gap between circuit design and
experimental automation for in vitro development of synthetic gene circuits.

1. Introduction

Engineering gene regulatory networks from the bottom-up is
a cornerstone of synthetic biology, providing a means to deci-
pher natural biological systems [1–3] and develop new appli-
cations [4–6]. Developing new circuit designs in vivo requires
design-build-test cycle iterations, where every iteration
requires time-consuming molecular cloning steps. In vitro
tx-tl systems on the other hand have proved to be powerful
tools for accelerating the design-build-test cycle [3, 7–10].
Recent technological advancements increased complexity
and throughput of in vitro tx-tl experiments, such as the
use of acoustic liquid handling robots [11, 12], or various
microfluidic platforms [13–15]. Although these methods
facilitated detailed studies of molecular circuits, they remain
limited because of their use of simple batch reactions.

Steady-state tx-tl reactions have been realized on micro-
fluidic devices to enable in vitro implementation of dynamic

circuits [16, 17]. These methods vastly expanded the type and
complexity of networks that can be run in an in vitro envi-
ronment compared to what is possible using batch reactions.
However, these first-generation chemostat devices are lim-
ited in throughput, creating a need for improved platforms
that can carry out steady-state tx-tl reactions at higher capac-
ities. We developed a microfluidic device that combines the
high-throughput capacities of batch reaction devices [15]
and the sophistication of microfluidic chemostats [16, 17]
to perform steady-state tx-tl reactions in high throughput.

In addition to being able to perform high-throughput,
steady-state tx-tl reactions, we developed a method to formu-
late reagent compositions on the fly to automatically screen
condition space or to dynamically perturb the system for
analysis. Fluidic automation and process integration are
increasingly recognized as being important capabilities for
both chemical [18, 19] and biological [20, 21] methods. To
enable fluidic process automation and dynamic, on-the-fly
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process changes, we integrated a computer-controlled fluidic
metering strategy using microfluidic pulse width modulation
(PWM) [22].

The resulting microfluidic CFPU enables the automated
exploration of parameter space in 280 parallel running
steady-state reactions. Spotting and immobilizing DNA tem-
plates to program each chemostat allow screening of a large
DNA sequence or concentration space. Furthermore, with
the integration of computer-controlled microfluidic PWM
for on-chip metering and mixing of reaction components,
the platform can perform fully automated and complex fluid
processing tasks [22, 23]. By using different chemostat geom-
etries, based on the design of Karzbrun et al. [17], we can alter
reagent diffusion times. We integrated programmable DNA
arrays, controlled DNA surface immobilization, highly paral-
lel chemostats, and programmable microfluidic PWM into a
single CFPU and demonstrate its functionality by mapping
the concentration and sequence space of transcription
factor-based repression at a steady state and implemented a
genetic toggle switch network.

2. Results

2.1. Design and Characterization of the CFPU. The two-layer
PDMS microfluidic device is fabricated using multilayer soft-
lithography [24] and consists of a control and a flow layer,
whereby fluids on the flow layer can be manipulated by
applying pressure to the control lines (Figure 1(a)). The flow
layer contains 280 unit cells, or chemostats, that can each run
a unique and steady-state tx-tl reaction (Figure 1(b)). Each
chemostat is connected to an exchange channel through
which fresh reagents are flowed. The length of the connecting
channel ranges from 50μm to 450μm and a fixed width of
25μm. The flow layer inlets were optimized for mixing
reagents by PWM [22]. PWM is employed in electrical sys-
tems to regulate voltage levels. Similarly, microfluidic PWM
involves the generation of alternating pulses of different solu-
tion inputs that then mix together via diffusion to generate
defined concentration levels depending on the relative dura-
tion each solution is flowed. The inlet flow channels are all of
equal length as are the lengths of the control lines that regu-
late the top five inlets, ensuring the PWM module accurately
meters reagents. We incorporated a serpentine channel after
the PWMmodule to allow reagent plugs formed by PWM to
mix before reaching the beginning of the exchange channels.

The device is prepared by first spotting fluorescently labeled
and biotinylated linear DNA templates onto an epoxy-coated
glass slide using a microarray robot (Figure 1(c)). The PDMS
chip is then aligned on top of the DNA microarray and
bonded to the glass. After bonding, the glass surface of the
microfluidic unit cells, with the exception of the spotting
chamber, which is the circular region below valve #5
(Figure 1(b)), is patterned with biotin-BSA and neutrAvidin,
resulting in a circular region of neutrAvidin coating
(Figure 1(d)), to which biotinylated DNA can bind.
Throughout this process, the DNA spot remains isolated in
the lower chamber, sealed off by the neck valve. Once surface
patterning is completed, the DNA spot is solubilized, allow-
ing the DNA to diffuse into the upper part of the unit cell

and bind to the neutrAvidin-coated area (Figure 1(e)). Any
unbound DNA is then washed from the device, and tx-tl
extract is introduced into the exchange channel by mixing
the energy and lysate solutions directly on-chip with the
PWM module (Figure 1(f)). While the exchange channel is
being replaced with fresh extract, the bottom half of the unit
cell is isolated with a valve that is then released to allow dif-
fusion of fresh reagents into the unit cell. Another set of
valves is actuated to isolate the unit cells from each other dur-
ing incubation. The process of flowing fresh cell-free extract
followed by an incubation step is repeated for up to 20 hours
and achieves continuous, long-term gene expression
(Figure 1(g)). By periodically flowing fresh extract, we are
able to use far smaller reagent volumes (~3μL/h) or approx-
imately 20x less than previous methods (~60μL/h) [17].
Additionally, on-chip mixing of lysate and energy compo-
nents eliminates the need to cool the premixed reagents off-
chip [25]. We postulate that separating the protein compo-
nents in the cell lysate from the energy solution prevents
off-target reactions that deplete the concentration of small
energy molecules. Using the multiplexing (MUX) valves
(Figure 1(a)), each row of the CFPU can be addressed with
a specific tx-tl reagent composition (Figure 1(h)). For
instance, up to eight different concentrations of a transcrip-
tion factor (TF) can be combined with the tx-tl components
and tested in combination with different DNA template con-
centrations or DNA promoter variants. The added reagent,
such as purified proteins or small molecules, is automatically
formulated on-chip according to user-defined time and con-
centration parameters, enabling dynamic gene circuit studies
(Figure 1(i)).

To confirm that the tx-tl extract solutions could be ade-
quately mixed on-chip, we tested various PWM cycle periods
with duty cycles fixed at 50%. We used mCherry and GFP as
tracers (~27 kDa) in the energy and lysate solutions, respec-
tively, and monitored on-chip mixing at different locations
downstream of the inlets. We chose to use fluorescent pro-
teins as tracers to serve as a proxy for the protein components
in the lysate, which are important for tx-tl. Although certain
biomolecules, including the ribosomes, are larger than GFP,
we can at least be sure that the mixing of the two solutions
is homogeneous for most of the protein components.
Directly after the inlets, the energy solution and lysate plugs
can be clearly visualized for cycle periods ranging from 600
to 1400ms (Figure S1A). After passing through the
serpentine channel, the two solutions have mixed for cycle
periods less than 800ms, and at the beginning of the
exchange channel, mixing is complete for cycle periods up
to 1200ms long (Figure S1B, C). As the CFPU architecture
is separated into eight different rows, we also checked
whether mixing is uniform across all rows and confirmed
that for cycle periods of 600 and 1000ms, uniform mixing
is achieved across all rows of the device (Figure S1D, E).

Given that tx-tl solutions could be effectively mixed on-
chip, we next tested steady-state gene expression to charac-
terize the effect of the different unit cell geometries
(Figure 2(a)). For a given DNA template concentration, we
observed a range of steady-state expression levels depending
on connecting channel length (Figure 2(b)). This steady state
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Figure 1: Overview of the CFPU architecture and functionality. (a) Illustration of the microfluidic CFPU design, highlighting the PWM
optimized inlets, followed by the serpentine mixing channel and chemostat array with variable connecting channel lengths. (b) Design of a
single unit cell. The pneumatic valves are described from top to bottom: (1) a pair of valves separate each unit cell in the exchange
channel, (2) a valve prevents flow into the unit cell while the exchange channel is being replaced with fresh reagents, (3) the button valve
enables surface patterning for DNA attachment, (4) sandwich valves separate the reaction chambers of each unit cell from one another,
and (5) the neck valve isolates the DNA spot until surface patterning is complete. (c–g) A schematic summary of the experimental
protocol: (c) DNA templates are spotted with a microarray robot onto an epoxy-coated glass slide, on top of which the PDMS chip is
aligned. (d) The reaction chamber of the unit cell is patterned with biotin-BSA and neutrAvidin. (e) The DNA spot is solubilized,
permitting the DNA to diffuse into the upper half of the unit cell and bind to the surface, after which all unbound DNA is washed away.
(f) Lysate and energy solutions are then flowed and mixed on-chip with PWM. Each solution is flowed for a time t =DT , where D and T
represent the duty cycle and cycle period, respectively. (g) Initially, a cell-free extract solution is flowed onto the chip and diffuses into a
unit cell that is filled with PBS. Every 15 minutes, fresh cell-free extract is flowed through the exchange channel for ~1 minute followed by
an incubation period that enables the exchange of reagents via diffusion. (h) Examples of combinatoric experiments that can be performed
with this chip, including the generation of different concentrations of an input reagent using PWM. Each row of the device can be
addressed with a specified reagent concentration, which is then combined with a range of DNA template concentrations or template
variants, and different connecting channel lengths. (i) Reagent formulation is dynamic, and a given reagent can be introduced into the
device at user-defined times, allowing dynamic perturbations to be performed.
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can be disrupted by flowing PBS in place of the tx-tl extract
mixture (Figure S2). An increase in connecting channel
length correlates with an increase in steady-state GFP
expression level as described previously [17]. Furthermore,
the time required to reach steady-state levels increased for
longer connecting channels. As described previously [15],
binding of DNA templates on the surface of each unit cell
and therefore their concentration can be precisely controlled
by using a mixture of double-stranded DNA templates and
single-stranded biotinylated DNA oligos (Figure 2(c)).
When we varied the DNA template concentrations, we
observed a wide range of GFP expression levels as expected
(Figure 2(d)). Additionally, we achieved excellent chip-to-
chip reproducibility (Figure S3). Plotting GFP expression
over time, we saw that the higher the DNA template
concentration or the longer the connecting channel, the
longer it took until a steady state was reached (Figure S4).
Furthermore, at increased DNA concentrations, we
observed a peak of GFP expression at the beginning, which
later levels out. We hypothesize that for higher
concentrations of DNA, the exchange rate of fresh reagents
into the unit cell is not fast enough to maintain higher
intensity steady-state expression. Similar dynamics were
noted by Karzbrun et al. for nonregulated GFP expression,
and they normalized for this effect. Nonetheless, at lower
DNA template concentrations, steady states can be reached
after ~4-6 hours for all connecting channel lengths. For this
reason, we performed all following experiments with a
dsDNA to ssDNA ratio below 1 : 5.

2.2. Mapping Steady-State Repression by Titrating Repressor
Concentration. Forward engineering of gene regulatory net-
works often requires in-depth characterization of the tran-
scription factors used to regulate the network. For instance,
repression using synthetic zinc finger (ZF) transcriptional
regulators [26] can be tuned by varying both the concentra-
tion of ZF in the tx-tl reaction, as well as by tuning the ZF

binding site [15]. As one proof-of-concept application, we
screened the effect of different ZF-TF concentrations on
repression at a steady state.

We first tested whether it was possible to mix three differ-
ent solutions with PWM: (1) a lysate solution containing a
GFP tracer, (2) a plain lysate solution, and (3) an energy solu-
tion containing an mCherry tracer. As the ratio between the
lysate and energy solution needs to be maintained at 1 : 1, the
duty cycle of the energy solution is kept constant at 50%,
while the remaining 50% of the duty cycle is divided between
the two lysate solutions to achieve varying concentrations of
GFP. The minimum duty cycle used was 5%, allowing
enough time for the valves to fully open and close in the allot-
ted time. For a cycle period of 1 s, we observed a linear corre-
lation between GFP concentration and duty cycle percentage
(Figure S5). At the same time, the level of mCherry, which
serves as a tracer in the energy solution, remained constant,
indicating that the 1 : 1 ratio of energy and lysate solution
was maintained. Up to ten dilutions could be generated for
one stock solution of GFP. If a biomolecule of interest
needs to be further diluted, as many as three stock solutions
could be used, given the available number of PWM
optimized inlets, leading to a significant increase in the
dynamic range achievable.

After confirming that we could accurately mix three solu-
tions on-chip with PWM, we designed an experiment to
measure the steady-state repression for ZFAAA at various
concentrations in combination with a linear DNA template
comprised of a GFP gene downstream of a λPR promoter,
containing two ZF binding sites (Figure 3(a)). We used a
purified ZF-TF tagged with mScarlet, for on-chip visualiza-
tion and quantification of protein concentration. PWM gen-
erated four ZF concentrations including a negative control
and fed these into four clusters of rows using the MUX
upstream of the exchange channels. Initially, the tx-tl reac-
tion was brought to a steady state without ZF, and after 6.5
hours, the different ZF concentrations were added to the
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Figure 2: CFPU characterization and applications. (a) Protein expression using a single DNA template was carried out on-chip in order to
characterize the effect of variable connecting channel lengths. (b) GFP expression versus time shown for a single DNA concentration and
different connecting channel lengths. (c) DNA dilutions are made by mixing different ratios of dsDNA templates with short biotinylated
ssDNA oligos. (d) The steady-state GFP expression level versus the Cy5 fluorescence signal of dsDNA template attached to the surface for
all connecting channel lengths and DNA dilutions. The inlaid plot shows the three lowest DNA concentrations. The lines or points shown
in (b, d) represent mean values ± SD (n = 8).
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respective sets of rows on the chip. As an example, we show
the GFP signal and ZF-mScarlet concentration over time
in two unit cells with the same connecting channel length
and addressed with the same ZF input concentration
(Figure 3(b)). Looking at the ZF-mScarlet signal in each unit
cell over time, we observe four distinct sections correspond-
ing to the four ZF concentrations (Figure 3(c)). However,
within each quadrant, we also notice a slight gradient, which
is associated with the different connecting channel lengths.
As the ZF diffuses into the unit cells, we begin to see a
decrease in GFP expression (Figure 3(d)). We tested several
promoter variants, containing one ZF binding site with dif-
ferent point mutations known to modulate repression to

varying degrees (Figure 3(e)). Overall, four ZF concentra-
tions were generated to test repression of 12 different DNA
templates in five different unit cell geometries, for a total of
240 unique combinations, measured in replicates on two
devices. The binding site mutations were chosen based on
previously measured Kds [15], including two mutations that
completely ablated repression (Δ9A, 5T) and nine mutations
that covered the entire dynamic range between consensus
and nonspecific binding. If we consider a single unit cell
dimension, we see that the fold repression for different target
templates decreases over time as Kd associated with a given
binding site increased (Figure 3(f)). We observe a range
of steady-state fold repression values depending on the
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5BioDesign Research



concentration of ZF within a given unit cell and a correla-
tion between all fold repression values, ZF concentration,
and the measured binding affinity for a given promoter
(Figure 3(g)). These results are in agreement with our pre-
vious batch analysis [15], and they provide a proof of
concept that the microfluidic platform can be used to
simultaneously screen target sequence space in conjunction
with transcription factor concentrations in a steady-state
tx-tl reaction.

2.3. Implementing Dynamic Gene Circuits Controlled by
Small Molecules. After formulating different TF concentra-
tions on our chip at predesignated times, we went on to test
whether it was possible to implement and control dynamic
gene circuits. We set up a simple repression assay whereby
TetR can repress a GFP encoding template that includes the
Tet operator in its promoter region, unless a small molecule,
anhydrotetracycline (aTc), is present and prevents TetR from
binding to the operator (Figure 4(a)). While holding the GFP
DNA template concentration constant, we varied the
concentration of TetR template and added a loading control
template to maintain the same total DNA concentration.
After allowing the reaction to reach steady state, we intro-
duced aTc in a three-hour pulse. As the concentration of
the TetR template was increased, we observed a correspond-
ing decrease in the steady-state expression levels of GFP
(Figure 4(b)). During the aTc pulse, repression was inhibited
and GFP expression rose to the control level where no TetR
template was present. Once aTc was no longer supplied to
the unit cells, the GFP template was again repressed and
the initial steady state reestablished. Furthermore, we
observed that the reaction time to the aTc pulse differs
according to the connecting channel length (Figure 4(c)).

As a final example, we combined the ability to introduce
small molecule inputs with dynamic gene circuits in order to
implement and control a genetic toggle switch [27]. The tog-
gle switch is composed of two linear DNA templates that
encode two repressor proteins, TetR and LacI, where each
protein-encoding gene is downstream of mutually repressible
promoters (Figure 4(d)). A transient pulse of isopropyl-β-D-
thiogalactopyranoside (IPTG) or aTc causes the circuit to
switch from one state to another. Using different concentra-
tions of a Lac-repressible GFP reporter, we allowed the reac-
tion to reach a steady state, observing increasing levels of the
leak for higher concentrations of reporter template spotted.
IPTG was introduced into the chip after 7 hours, causing
TetR and GFP to be derepressed (Figure 4(e)). The toggle
switch network remained stable in this state even after IPTG
was not present after completion of the pulse. Similar to the
varying response times we saw for aTc pulses before, the
transition from one state to another occurs more slowly for
longer connecting channel lengths, although we observed
switching from a low to high state in all cases (Figure 4(f)).
Considering that many genetic circuits incorporate small
molecule control elements, we believe that our chip could
serve as a useful platform for testing new network designs
for which it is necessary to explore the parameter space of
DNA template concentration together with small molecule
regulators.

3. Discussion

As synthetic biologists construct increasingly complex bio-
molecular circuits, the size of the parameter space governing
these circuits becomes larger and more complex as well,
requiring high-throughput and fast methods that can speed
up the design-build-test cycle. Utilizing cell-free systems
enables circuits to be optimized more rapidly than with
traditional in vivo circuit construction and analysis since
time-consuming molecular cloning steps are not needed.
However, not all genetic networks can be tested in batch con-
ditions and consequently need to be carried out in a system
that mimics the dilutions which occur during cellular divi-
sions. We therefore developed an automated CFPU that
performs steady-state in vitro tx-tl reactions in high through-
put, facilitating the characterization of biological parts and
dynamic circuits. Each of the 280 on-chip chemostats can
be programmed with a unique set of DNA templates. By pre-
cisely controlling the amount of DNA template attached to
the surface of each unit cell, we can effectively scan a range
of DNA concentrations that correlate with variable steady-
state protein expression levels. Different levels of protein
expression can also be achieved by modifying the geometry
of a unit cell. On-chip reagent formulation by microfluidic
PWM makes it possible to perform complex and fully auto-
mated screens and generate complex reaction conditions in
real time. Combining the capacity to create custom reagent
compositions with the potential to survey the DNA sequence
and concentration space, the CFPU automates in vitro syn-
thetic biology experiments.

We note certain features that could be modified depend-
ing on the downstream application. For example, the unit cell
geometry had only a subtle effect on gene circuit dynamics.
Therefore, a future version of the CFPU could contain a sin-
gle unit cell geometry, increasing throughput with respect to
DNA concentration and sequence space. Considering prior
work [17], we included connecting channels of different
lengths on this device but found that this was not an optimal
approach for controlling dilution rates due to the complexity
arising from a reaction mixture containing molecules with
vastly different diffusion coefficients. In future versions of
the CFPU, dilution rates could instead be dialed in using dif-
ferent exchange rates and active mixing. The throughput of
the CFPU device can be further expanded by at least 50%
by increasing the number of unit cells in each row. The size
of the device is limited by the size of the glass slide to which
the chip is bonded, and with the current design, there is less
room to expand vertically but still significant space to expand
horizontally. Additionally, programming of the pneumatic
valves during the experiment could be developed to be more
user-friendly. For this work, custom LabView scripts were
written for each type of experiment with minimal user-
defined inputs (Figure S7); however, key valve control
sequences have already been defined as subroutines within
the program. More specifically, parameters for different
phases of the experiment are user-defined, but the number
and types of phases are hardwired into the program.
Therefore, it would be possible to restructure the program
to allow the user to combine specified control sequences in
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an interactive manner. Other features that allow the user to
define reagent stock concentrations and desired dilutions
could also be included to automatically calculate the duty
cycles for all inputs.

Though the experimental setup behind the CFPU device
is somewhat complex, it enables the study and characteriza-
tion of dynamic gene circuits in a high-throughput and fully
automated manner. Additional resources have been pub-
lished that provide greater detail for fabricating two-layer
PDMS devices and building hardware for controlling the

on-chip pneumatic valves [28, 29]. Apart from device fabri-
cation and the experimental setup, another potential hurdle
is access to a microarray robot. The use of a microarray robot
is important for testing a large range of DNA template con-
centrations and variants. Over the last decade, microarray
robots are increasingly less common, but still commercially
available (Arrayit, Labnext, and Quanterix) and inkjet-
based microarray printers offer a viable alternative.

In this work, we presented three ways that the CFPU
device can be employed, which highlight key features that
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Figure 4: Small molecule perturbations and networks. (a) Illustration of the gene elements of the aTc controllable TetR repression assay.
(b) GFP expression versus time for variable concentrations of pLacO-TetR DNA template spotted inside unit cells with a connecting
channel length of l = 50μm. (c) GFP expression profile over time shown for varying connecting channel lengths and a constant
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can be further exploited for many other applications
(Figure S6). In the first experimental mode, we characterize
the effect of DNA dilutions and unit cell geometry with
continuous mixing of tx-tl reagents. In the second mode,
we continuously supply tx-tl reagents, but once the reaction
has reached a steady state, we switch the input mixture to
contain a synthetic ZF transcription factor, which is
screened for effective repression versus a number of
promoter variants. Lastly, we demonstrate that a small
molecule can be incorporated into the reaction mixture for
a given duration, affecting the output of the surface
immobilized gene circuit. Taken together, we show that the
effect of changing the concentration and sequence of DNA
parts can be investigated simultaneously with varying
dilution rates and reagent inputs over time. That being said,
the experimental modes we employed could be combined
or expanded to explore the dynamics of gene circuits in a
unique and programmable way. For instance, different
concentrations of a molecule could be pulsed on-chip at
sequential time points (Figure 1(i), bottom panel).
Furthermore, the input could be programmed to respond to
the gene circuit output, meaning that a new input
formulation would only be generated if the reporter
expression either exceeded or fell below a certain threshold,
creating a fully automated, closed-loop system.

4. Materials and Methods

4.1. Microfluidic Chip Fabrication. The designs for the flow
and control layer of the device were drawn with AutoCAD
software. The device design files are available for download
from our lab website (http://lbnc.epfl.ch) and http://
metafluidics.org. We then used standard photolithography
to fabricate the molds for each layer. SU-8 negative photore-
sist was used to create the control channel features (GM
1070, Gersteltec Sarl) with a height of 30μm, while AZ
9260 positive photoresist (Microchemicals GmbH) was used
to generate flow channel features with a height of 15μm.
Afterwards, each of the wafers was treated with TMCS (tri-
methylchlorosilane) and coated with PDMS (polydimethylsi-
loxane, Sylgard 184, Dow Corning). For the control layer,
~50 g of PDMS with an elastomer to crosslinker ratio of
5 : 1 was prepared, whereas for the flow layer, a 20 : 1 ratio
of elastomer to crosslinker was spin-coated at 1800 rpm to
yield a height of ~50μm. Both PDMS-coated wafers were
then partially cured for 20 minutes at 80°C, after which
devices from the control layer were cut out and the inlets
for each control line were punched. Each control layer is then
aligned onto the flow layer by hand using a Nikon stereo
microscope. The aligned devices were then placed at 80°C
for 90 minutes, allowing the two layers to bond so that the
entire device can be cut and removed from the flow wafer.
Once the molds have been fabricated, it takes around three
hours to make up to four two-layer PDMS devices at once.

4.2. Cell-Free Extract Preparation. E. coli cell-free extract was
prepared according to a published method [30], and a 4x
energy solution was prepared based on the protocol
described by Sun et al. [31]. As Kwon et al. screened a num-

ber of different parameters, we will briefly describe the proto-
col we have used. Cells were cultured with 2xYTP medium.
After an initial overnight 5mL culture, 1mL of the overnight
culture was added to a 500mL Erlenmeyer flask with 200mL
of fresh medium. Four 200mL cultures were incubated at
37°C until an OD of ~2 at 600nm was reached. Each culture
was then separated into falcon tubes and centrifuged at 4°C
for 20 minutes at 4000 rpm. Cells were resuspended with a
wash buffer (10mM Tris, 14mM magnesium glutamate,
60mM potassium glutamate, and 2mM DTT) and centri-
fuged again at 4°C for 10 minutes at 4000 rpm. Following
three wash steps, all excess liquid is removed, and the weight
of each pellet is measured. The pellets are then flash-frozen in
liquid nitrogen and stored at -80°C. The following day, the
cell pellets are thawed on ice and resuspended with 1mL
wash buffer per gram of cell pellet. Sonication was used to
lyse the cells by applying a total energy input of ~400 J for a
total cell suspension volume of ~1-1.5mL. Cells were soni-
cated in an ice water bath with an amplitude of 50% with
10 s pulses interrupted by 10 s wait periods (Vibra-cell
75186 sonicator). Next, the lysate solutions are centrifuged
at 4°C for 10 minutes at 12000 × g. The supernatant is
removed and placed at 37°C for 60 minutes to perform the
run-off reaction. Lastly, the solution is centrifuged again at
4°C for 10 minutes at 12000 × g, and the supernatant is then
aliquoted into 50μL volumes, flash frozen, and stored at
-80°C.

We prepared two different cell-free extracts originating
from BL21 (DE3) and MC4100 cell strains. Lysates made
from BL21 (DE3) cells were used for DNA dilution and ZF
repression experiments, whereas MC4100 cell lysates were
used for the small molecule inducible circuits as that strain
is Lac- [32].

4.3. Preparation of Linear DNA Templates. Linear DNA tem-
plates were generated by assembly PCR in order to link a
downstream gene with a given promoter variant. The
methods for generating the pλPR-GFP reporter templates
used in the ZF repression assays have been previously
described [15]. Gene-specific PCR fragments were obtained
for TetR and LacI from the repressilator plasmid [32] and
combined thereafter with promoter PCR fragments that con-
tained either the Lac or Tet operons, respectively. Using
global primers, we tagged each linear template at the 3′ end
with biotin and at the 5′ end with either Cy3 or Cy5.

4.4. Setting Up High-Throughput Steady-State Cell-Free tx-tl
Experiments. The process of DNA spotting, chip alignment,
and bonding, followed by chip priming, surface patterning,
and DNA immobilization, has been described before [15].
A detailed protocol for the surface patterning was provided
by Rockel et al. [33]. The total time required to complete
these steps is approximately one day, including the overnight
incubation for chip bonding. Once the DNA templates had
been immobilized at the surface of the unit cells, the button
valve was actuated, and the chip was washed with PBS
for 15 minutes to ensure that any unbound DNA was
removed and the DNA spot was visualized with fluores-
cence microscopy (Nikon Ti-SH-U). Before the experiment
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was started, the button valve was released and the sand-
wich valves were closed.

A lysate solution was prepared by combining lysate with
wash buffer in a 1 : 1 ratio, and the energy solution was made
up of 50% 4x energy solution, 2.5μM chi decoy DNA [34] or
3.5μM purified gamS [35], and water. The total volume of
each solution should be between 30 and 40μL in order to
run the reaction for 15-20 hours. Each solution was drawn
into a separate piece of FEP tubing (OD 1/16″, ID 1/32″,
Upchurch) and connected to the microfluidic device inlet
with a small piece of PEEK tubing (OD 1/32″, ID 0.18mm,
Vici). The pressure applied to the lysate and energy solution
tubing was ~ 20 kPa during the experiment. Every 15
minutes, a fresh mixture of cell-free extract was flowed
through the exchange channel using a cycle period of 600ms
and a duty cycle of 50% for 100 total cycles (or ~ 60 s) to
ensure that the entire channel volume has been replaced
(Figure S1F, G). To mix three components for the ZF
repression experiment, a cycle period of 1 s was used for a
total of 60 cycles to result in the same overall flow time.
Before the cell-free mixture was flowed, valve (1) was
opened and valve (2) was closed, followed by a 10 s wait
period to assure that valve (1) opened completely in all rows
(Figure 1(a)). Once the exchange channel was replaced with
fresh reagents, valve (1) was closed and valve (2) was
released permitting the diffusion of reaction components
into and out of the unit cells. This process of exchange
followed by incubation was carried out continuously for up
to 20 hours while the chip was maintained in a temperature-
controlled box set to 33°C. GFP expression was monitored
in all unit cells over time by acquiring a fluorescence image
every 30 minutes.

Switching from one cell-free mixture to another could be
programmed. For instance, if a pulse of aTc or IPTG should
be delivered to the unit cells at a given time, then three solu-
tions were prepared: (1) a lysate solution, (2) an energy solu-
tion, and (3) an energy solution plus either 5μM of aTc or
250μM of IPTG. During the small molecule pulse, the cell-
free mixture will be generated from solutions (1) and (3),
whereas at all other times, it will be produced from solutions
(1) and (2). For the ZF experiment, three solutions were also
used: (1) a lysate solution, (2) a lysate solution plus 5μM ZF-
mScarlet, and (3) an energy solution. Initially, solutions (1)
and (3) are used to reach steady-state GFP expression levels;
then, all three solutions are used to generate different concen-
trations of ZF-mScarlet within the cell-free mixture. Further-
more, the multiplexing valves are actuated accordingly to
replace each exchange channel with a cell-free mixture con-
taining a predefined ZF concentration. To ensure that the
dead volume inside the serpentine mixing channel does not
affect the next mixture generated, a PBS wash step is included
every time the duty cycle percentage changes.

4.5. Experimental Automation. A custom LabView program
was written to control the pneumatic valves, the camera,
and the microscope (Figure S7). The on-chip pneumatic
valves were controlled by opening and closing electric
solenoid valves that are connected to regulated air pressure.
The LabView program allows the user to either toggle a

valve on or off manually or run a specific valve sequence.
Although the surface patterning and immobilization of
DNA templates could be automated, it was performed
manually in order to ensure that no air bubbles entered the
chip when flowing new solutions. Once the DNA was
attached to the surface and all necessary inputs were plugged
into the chip, a custom sequence was initiated enabling the
valves to actuate automatically throughout the course of the
entire experiment. Different scripts were written for each
type of experiment performed. For instance, when
performing basic characterization experiments, the user
defines the cycle period, the duty cycle for each of the two
solutions (lysate and energy), and the total number of cycles,
corresponding to the amount of time the mixture should be
flowed to replace the exchange channel. Additionally, the
user defines the incubation time between each flow step and
the total number of exchange/incubate cycles that should be
performed based on the desired length of the experiment.
Therefore, steady-state gene expression can be performed
autonomously on-chip as shown in Figures 1(f) and 1(g). If
the experiment involved switching from one mixture to
another at a designated time, such as introducing a ZF or
supplying a small molecule pulse, then a different script
was written to allow for different experimental phases.
The first phase followed the same script as for the basic
characterization experiments. The second phase follows
the same concept; however, the user must now define
the duty cycle for each of the three solutions to be
mixed. Depending on the duty cycle chosen, a given
concentration of ZF or small molecule will be formulated
on-chip. When small molecule pulses were generated
during an experiment, the script would then include a third
phase that is the same as the first. The user defines the total
amount of time for each phase. If the experiment involved
multiplexing, as with the ZF combinatoric experiments,
then it was hardwired into the specific script rather than
being user-defined.

Given that imaging and valve actuation occurred at dif-
ferent frequencies, control of the valves was independent
from that of the camera and the microscope in the LabView
program. In order to image the unit cells over time, the user
is required to indicate the total experiment time and imaging
frequency, as well as the desired imaging parameters, includ-
ing exposure time and fluorescence filter. Additionally, the
positions of the top left, top right, and bottom right unit cells
need to be saved. The program then calculates the horizontal
and vertical distances used to move the stage from one unit
cell to the next when imaging.
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