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Abstract

Cell-free systems provide a flexible platform for probing specific networks of biological reactions isolated from the complex resource sharing
(e.g., global gene expression, cell division) encountered within living cells. However, such systems, used in conventional macro-scale bulk
reactors, often fail to exhibit the dynamic behaviors and efficiencies characteristic of their living micro-scale counterparts. Understanding
the impact of internal cell structure and scale on reaction dynamics is crucial to understanding complex gene networks. Here we report a
microfabricated device that confines cell-free reactions in cellular scale volumes while allowing flexible characterization of the enclosed
molecular system. This multilayered poly(dimethylsiloxane) (PDMS) device contains femtoliter-scale reaction chambers on an elastomeric
membrane which can be actuated (open and closed). When actuated, the chambers confine Cell-Free Protein Synthesis (CFPS) reactions
expressing a fluorescent protein, allowing for the visualization of the reaction kinetics over time using time-lapse fluorescent microscopy. Here
we demonstrate how this device may be used to measure the noise structure of CFPS reactions in a manner that is directly analogous to those
used to characterize cellular systems, thereby enabling the use of noise biology techniques used in cellular systems to characterize CFPS gene
circuits and their interactions with the cell-free environment.

Video Link

The video component of this article can be found at https://www.jove.com/video/52616/

Introduction

Cell-free systems offer a simplified and flexible platform for viewing biological reactions free from complicating factors such as fitness, division,
and mutation that are unavoidable in the study of living cells. Such approaches have been employed to study cellular systems including the
characterization of membrane proteins1, the probing of protein interactions2, and the exploration of fundamental aspects of translation3-7.
Recently cell-free systems have begun to gain a foothold as viable platforms for synthetic biology8-10. The appeal of such approaches is that they
free synthetic biology from the resource sharing and ‘extrinsic noise’ that affects reaction dynamics in living cells. However questions remain
as to how the physical environment in which cell-free reactions are embedded affects the progression and outcome of the reaction. Cell-free
reaction environments — particularly confined environments that approach cell-relevant volumes — remain poorly characterized. Cell-Free
Protein Synthesis (CFPS) is conventionally thought of as being ‘scale-free,’ exhibiting equivalent kinetics across a range of microliter to liter-
scale reaction volumes11. Nonetheless, confining reactions to cellular scale volumes has been shown to significantly affect protein expression
rates12.

The stochastic nature of cell-free reactions — especially as these systems approach or even go below femtoliter volumes — may be of particular
importance. Noise in gene expression is a property greatly influenced by confinement as small cell volumes and high densities of components
force many of the important molecules to very low population levels — for example, Escherichia coli confines within a 1 fl volume as many as
4,300 different polypeptides under the inducible control of several hundred different promoters13. This inherent noise has been implicated as a
central driving force in numerous biological processes including chemotaxis14, the HIV decision between active replication and latency15, the λ
phage decision between lysis and lysogeny16,17, and the Bacillus subtillus decision between competence and sporulation17. Cell-free synthetic
biology then provides both an opportunity to explore the stochastic properties of cellular gene circuits and networks, and manipulate these
behaviors to achieve specific technological goals. While the noise behavior of cellular systems has been well-studied18-27, there has been little
exploration of the fundamental noise behavior of cell-free systems8, particularly at the cellular scale.

Here we present a platform for the study of stochastic effects in cell-free synthetic biology. This microfabricated platform contains femtoliter-scale
reaction chambers which may be quickly transitioned between open (free diffusion in and out of the chamber) and closed (reactants confined
within the chamber) states. In the closed state, we confine Cell-Free Protein Synthesis (CFPS) reactants expressing a green fluorescent protein
(GFP), and follow gene expression using time-lapse fluorescence microscopy28 (Figure 1). We characterize this cell-free environment by
measuring the structure of the stochastic fluctuations in gene expression in a manner directly analogous to those used to characterize cells25.
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Non-microfabrication methods for confining cell-free reactions include vesicles and liposomes29-32, water-in-oil emulsions12, and porous media33.
However, while these methods can provide control over the size distribution of the confined volumes34, microfabrication methods create highly
replicable features with tightly specified dimensions, even on the nanoscale. Moreover, these rigid structures can be easily tracked over time
without being susceptible to evaporation or changes in the external environment. Microfabricated container designs used in previous work8,35

cannot quickly seal the reaction chambers following reaction initiation, complicating the clear assignment of the time when the reaction was
initiated (time zero). Using the method presented here, only 4-5 min are needed between initiation and visualization of the reaction on the device,
thereby providing a well-defined “time zero”. The following protocols describe the methods for fabricating and testing this device, including optical
lithography, device assembly, device testing, and methods for image analysis.

Protocol

1. Optical Lithography of Device Masters

1. Dehydrate clean silicon wafers on a hot plate at ~250 °C for at least 1 hr.
 

NOTE: It is good practice to use more than one wafer when preparing a master, in case of user error.
2. Prepare photoresist aliquots. Prepare aliquots of both SU-8 2015 photoresist and a dilution of SU-8 2015 photoresist in 2:1 ratio using SU-8

thinner as diluent.
 

NOTE: Approximately 1 ml of photoresist is needed for spin-coating one wafer.
3. Prepare three mask patterns for producing these masters. For the Membrane Master, prepare two masks: one patterning the membrane

channel and the other patterning the reaction chambers. For the Control Valve master, prepare only one mask pattern.
 

NOTE: For more details on lithographic techniques, including mask patterning, see Ito and Okazaki, 2000.36 See Fowlkes and Collier, 2013
for a more detailed description of device design.37

4. Prepare the Membrane Master
1. Spin-coat 2:1 SU-8 2015 photoresist dilution on wafers at 1,000 rpm for 45 sec.
2. Soft bake wafers at 95 °C for 2 min. Using a contact aligner, expose wafers with membrane channel pattern for 10 sec, and perform a

post-exposure bake for 2 min at 95 °C.
3. Develop wafers in SU-8 developer for 1 min, or until photoresist residue is removed. Rinse wafer with isopropanol, moving from top to

bottom. Dry wafer with nitrogen, again moving from top to bottom. Bake wafers at 180 °C for 4 min.
4. Spin-coat patterned wafers again with 2:1 SU-8 dilution at 2,000 rpm for 45 sec.
5. Soft bake patterned wafers for 2 min at 95 °C. Using contact aligner, align patterned wafers with reaction chamber pattern, and expose

for 10 sec. Perform post-exposure bake for 2 min at 95 °C.
6. Develop wafers as described in step 1.4.3. After developing and drying wafers, bake wafers at 180 °C for 4 min.

 

NOTE: The wafers may be developed in the same developer that was used in the previous step.

5. Prepare the Control Valve Master
1. Spin-coat undiluted SU-8 photoresist onto clean wafers at 2,000 rpm for 45 sec.
2. Soft bake wafer at 95 °C for 6 min. Using a contact aligner, expose wafers with control valve pattern for 10 sec. Perform a post-

exposure bake at 95 °C for 6 min.
3. Develop wafers in SU-8 Developer for 2 min, or until residue is removed. Rinse with isopropanol, moving from top to bottom. Dry wafer

with nitrogen and bake at 180 °C for 4 min.

2. PDMS Device Fabrication

1. Silanize all masters with ~0.2 ml trimethylchlorosilane via vapor deposition.
1. Quickly enclose the master in an airtight container at RT with a few drops of the silanizing agent.

 

NOTE: Other silanizing protocols may be acceptable.38 If performed properly, the PDMS will be easy to remove.

2. Mix a commercial poly(dimethylsiloxane) (PDMS) base and curing agent in different ratios for both the membrane and control valve layers of
the device, as has been demonstrated in similar multilayer valve designs39. Use 20:1 and 5:1 ratios of base:curing agent for the membrane
and control valve molds, respectively.

1. For the membrane mold, mix 10 g of base with 0.5 g of curing agent.
 

NOTE: This volume will be spin-coated onto the membrane master.
2. For the control valve mold, mix the base and curing agent in a 5:1 ratio. The amount of PDMS necessary to mold the control valve will

depend on the container used to hold the control valve master; fill the container such that the master is coated with ~1 cm of PDMS.

3. Thoroughly mix both PDMS preparations, and de-gas them in a vacuum chamber until no air bubbles are visible. Place the control valve
master in a heat-resistant container, such as a glass dish. Carefully pour 5:1 ratio PDMS over the master, and de-gas the container a second
time.

4. While the control valve PDMS container is being de-gassed, spin-coat the 20:1 ratio PDMS on the membrane master by carefully pouring the
PDMS mixture onto the membrane master to minimize air bubble formation, then spin-coating the master at 1,000 rpm for 45 sec.

5. Partially cure both masters in an oven at 80 °C for 6 min for the membrane master and 15 min for the control valve master.
 

NOTE: When partially cured, the PDMS should hold its form, but the material will be slightly tacky. If PDMS is not yet cured, bake again in
increments of a few minutes at a time until the material holds its form when pressed.

6. Cut rectangular PDMS molds from control valve master, peeling the molds away gently. Punch inlet holes through the molded component
using a 0.75 mm hole punch.
 

NOTE: The hole may be cleaned by inserting a 23 gauge blunt tip needle, and the mold exterior may be cleaned with cellophane tape, if
necessary.
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7. Using an optical microscope to locate the reaction chambers on the membrane master, align the control valve mold component with the
features of the reaction chamber membrane and place the control valve component directly on top of the membrane master. Orient the
control valve inlet to the bottom left corner of the device, and ensure that the reaction chambers and channel of the membrane master are
visible inside the rectangular control valve.

8. Bake the aligned mold components at 80 °C for 2 hr.
 

NOTE: The membrane and control valve molds will now be sealed together, and manipulated as one mold.
9. Cut the layered PDMS mold away from the membrane master, peeling the mold away from the master very gently so as not to perforate the

membrane.
10. Punch inlet and outlet holes for the cell extract input using a 0.75 mm hole punch. Punch holes through both layers, and clean them in the

same way as described in step 2.6.
11. Using an inductively-coupled plasma cleaner, plasma treat both the mold (membrane side up) and a No. 0 glass coverslip at 10.5 W for 20

sec. Immediately remove the coverslip and mold from the plasma cleaner and layer the components, membrane side towards the glass,
attempting to minimize air pockets between the glass and the mold. Do not press directly on the membrane input channel, or the membrane
may anneal to the glass, making it difficult to fill the channel with reactants.

1. Take special care when handling the assembled devices to avoid breaking the glass layer. Use thin glass coverslips as the device must
be imaged through the glass coverslip using high magnification oil-immersion objectives — if the glass is too thick, the device features
may not be visible.

12. Finally, cure the completed devices at 80 °C for 2 hr.

3. Experimental Setup for Cell-free Protein Synthesis Reaction

1. Hydrate a device by boiling it in deionized water for 1 hr.
 

NOTE: Device should have a cloudy appearance when completely hydrated. Device may also be left O/N in sterile water at RT in order to
hydrate it.

2. Using an inverted microscope with an incubation chamber, set the ambient temperature to 30 °C.
 

NOTE: This temperature was chosen to optimize expression of GFP with a T7 promoter, so optimal temperatures for other reactions may
vary40.

3. Mount device to microscope stage holder with cellophane tape and wrap edges of device with wet tissue paper in order to maintain local
hydration.

4. Use two high precision closed-loop voltage-pressure transducers to modulate nitrogen gas pressure for control valve actuation and reagent
input.
 

NOTE: This protocol has only been tested with low-purity nitrogen, though other inert gases may be used.
1. Connect the first transducer by 24-gauge PTFE tubing to a water reservoir held in a 4 ml glass vial with a septum lid. Connect the

reservoir to the control valve inlet using a second tube terminated by a 23 gauge blunt tip needle.
 

NOTE: Both tubes penetrate the reservoir septum with two sharp 23 gauge needles.
2. Connect the second transducer by 24-gauge PTFE tubing connected to a male-to-male Luer-lok connector. Attach this to a Luer-lok 23

gauge needle connected by tubing with another 23 gauge blunt tip needle, which is assembled individually for each device. This needle
connects to the membrane reaction channel; use it to flush water from the reaction channel and input reagents.

5. Using a cell-free protein expression system, assemble the components for the CFPS reaction on ice, according to manufacturer’s
instructions. Minimize the time spent holding CFPS reagents on ice and place the reaction into the device immediately after assembly.
 

NOTE: This device has been used with a commercial E. coli extract protein expression kit and a plasmid constitutively expressing GFP. The
total reaction volume was scaled to 25 µl — it may be possible to use an even lower volume for reactants, if desired. As CFPS reagents tend
to be sensitive to freeze-thaw cycles, it may be helpful to make aliquots of the reagents at the appropriate volume prior to the experiment.
Other reagents may be added to the reaction mixture, but the reaction must be fully assembled before being applied to the device.

1. Assemble the reaction, adding the DNA input last.
 

NOTE: Once assembled in an Eppendorf tube, the CFPS reaction will begin if not held on ice. Since the time taken to apply the
reagents to the device and begin the experiment may vary, it is helpful to start a timer once the reaction is assembled and mixed — this
will keep the timescale between experiments consistent, and aid in troubleshooting.

6. Using the tubing and needle connector described in Step 3.4.2, withdraw the assembled reaction into the tube using a 1 ml syringe. Insert
the blunt tip needle into the reaction chamber inlet. Detach the needle connector from the syringe and attach it to the male-to-male connector
used for the reaction chamber transducer.

7. Apply pressure (<10 psi) to the CFPS reactants to fill the channel. Remove the needle when the reaction is filled.
8. Insert the blunt tube from the other transducer into the control valve inlet. Do not pressurize the control valve yet.
9. Place the mounted device on the stage. Using brightfield imaging, locate the reaction chambers with a 100X oil-immersion objective.
10. Actuate the control valve by pressurizing the control valve transducer to 20 psi; a visible change in the membrane will be evident when the

control valve is actuated. Focus on the bottoms of the reaction chambers.
11. Begin the image acquisition; growth in fluorescence will be visible in the interior and around the exterior of the reaction chambers, though

it will likely not be evident in the early stages of the reaction. Capture images every 1-3 min until the reaction reaches a steady state
fluorescence. If an automatically focusing stage is not available, briefly refocus each image prior to the images being taken.
 

NOTE: While some photobleaching will occur, the effects on relative fluorescence due to photobleaching may be accounted for as long
as the rate of photobleaching is known. This photobleaching rate may be estimated by exposing a fluorescent standard, such as a known
concentration of GFP or a fluorophore mixture, to constant photobleaching over a period of time.

12. Record the time elapsed from the reaction assembly to the first image acquired.
 

NOTE: This typically takes 4-5 min.
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4. Image Analysis and Data Processing

1. Using an image analysis software such as ImageJ, select the interior of the reaction chambers as an ROI. Acquire the mean fluorescence
intensity value of the ROI for all images.
 

NOTE: This is the raw fluorescence intensity trace.
1. Perform this task in ImageJ using the Time Series Analyzer and ROI Manager plugins — Use Time Series Analyzer to choose regions

of interest around the interior of each reaction chamber. Set “AutoROIProperties” to an area which corresponds to the interior of each
reaction chamber, check “Add On Click”, and select each chamber.
 

NOTE: This step may also be done using the ellipse tool to draw an ROI around the fluorescent chamber. This ROI size usually
corresponds to a 30 x 30 pixel ellipse for a 10 µm diameter chamber viewed with a 100X objective.

2. Highlight all ROIs in the ROI Manager. Use the “Multi Measure” function to determine the fluorescence intensity mean of each ROI
through the entire image stack.
 

NOTE: A plugin named StackReg may be used to align the image stack, if necessary.

2. After acquiring the raw fluorescence intensity traces for all chambers in an experiment, determine the deterministic component of the reaction
by taking an inter-experimental average across all traces, and subtracting the average from individual raw traces. Use data analysis software
such as IGOR or MS Excel for this analysis.
 

NOTE: This provides noise traces for each reaction chamber.
3. Analyze the gene expression noise from these reaction chambers using the same methods used to analyze gene expression noise derived

from cells25.

Representative Results

The distinct advantage of this microfabricated platform is in the application of the controllable elastomeric “control valve” which is independently
actuated in order to confine CFPS reactions (Figure 2A). When the device is actuated, the membrane chambers are pressed against the
glass slide to confine fluorescent reagents into an array of reaction chambers (Figure 2C). In order to verify that the chambers reliably confine
the reaction through the duration of the experiment, a basic FRAP (Fluorescence Recovery After Photobleaching) test was conducted37. A
fluorophore (AF 555) was applied to the device, and the control valve was actuated; using the shutter aperture of the microscope, a single
well confining the fluorophore was isolated and photobleached individually (Figure 2D). The chosen well became dark and did not recover in
brightness until the control valve was depressurized 20 min later, releasing the chamber from the glass. This test verifies that these reaction
chambers remain well-sealed for the duration of the experiment.

In optimal conditions, a CFPS reaction expressing an easily visualized protein (such as GFP or Luciferase) expresses detectable protein within
a few minutes of being applied to this device. Over the lifetime of the reaction, protein synthesis in the interior and exterior of the reaction
chambers is imaged and quantified by measuring units of fluorescence intensity within each chamber (Figure 3A). Fluorescence intensity,
corresponding to protein concentration, may be mapped over time for each reaction chamber (Figure 3D).

Gene expression is an inherently stochastic process that introduces fluctuations (noise) at every molecular step (synthesis, degradation, protein-
DNA binding, etc.)20. One branch of noise biology focuses on the probative value of gene circuit noise41 . Expression in cell-free systems
will have extrinsic noise effects that arise from interactions between the molecular machinery of expression and the surfaces that define the
boundaries of the reaction vessels. These extrinsic effects will likely become more pronounced as cell-free reactions are confined into even
smaller reaction chambers. The ability to perform time-lapse imaging of multiple confined CFPS reactions then enables the careful analysis
of noise structure (magnitude and dynamics) in confined cell-free systems in a way directly analogous to methods that have been reported
for cellular systems25. Figure 3C and 3D show the time courses of constitutive GFP expression from a T7 promoter in a standard 384-well
microplate with a well volume of 15 µl, compared to in PDMS reaction chambers 10 µm in diameter, corresponding to volumes of only about 300
fl, about seven orders of magnitude less. The variability in protein expression rates in the 10 µm reaction chambers is much higher than in the
well-plate measurements, approaching those seen in cells.

Multiplexed reactions performed on the device exhibit similar kinetics to CFPS reactions performed in bulk on a microplate reader (Figure 3B),
where there is a swift increase in fluorescence which plateaus, often assumed to be caused by resource limitation within the reaction volume42,43.
This deterministic growth behavior, though fluctuating, is generally consistent across all reaction chambers, and between experiments — by
averaging traces between chambers across experiments, the deterministic trend may be subtracted from trace values, leaving only the noise
components of the reaction (Figure 4A). Figure 4B shows the GFP expression noise after removal of the deterministic, transient component
(top), and the autocorrelation of the noise (bottom), while Figure 4A shows the corresponding traces in the 10 µm reaction chambers.
The distribution in the half-times of the autocorrelation traces gives the frequency dependence of the noise while the zero lag time of the
autocorrelation traces gives the magnitudes of the noise, as the variance.
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Figure 1. Cell-Free Protein Synthesis reactants are confined in femtoliter scale reaction chambers for the purpose of measuring gene
expression noise. Reactants from a commercial cell-free protein expression system are used to constitutively express GFP inside confined
PDMS reaction chambers. An array of these chambers may be visualized with time-lapse fluorescence microscopy in order to characterize
protein expression and gene expression noise. The fluorescence intensity of each reaction chamber over time may be plotted as an individual
trace. Please click here to view a larger version of this figure.
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Figure 2. Fabrication of two-layer microfluidic device with sealable femtoliter-scale chambers. (A) Layout and exploded view of device
layers. The device is composed of two PDMS layers and a glass coverslip. The PDMS membrane, sealed between the glass and control valve
layers, holds the reaction chambers. (B) SEM image of PDMS reaction chamber. The interior diameter is 10 µm. (C) Schematic of input channels
in device. Cell-Free Protein Synthesis (CFPS) reagents are flown through the reaction channel. Water is pressurized in the control valve to
compress the reaction chambers against the glass slide, sealing the chambers37. Reproduced from Ref. 37 with permission from The Royal
Society of Chemistry. (D) Fluorescence Recovery After Photobleaching (FRAP) test on a single well using FITC indicates chamber is well-sealed
against external environment. The fluorophore was captured in the chambers (upper image) and a single well was photobleached (lower image).
No fluorescence recovery was seen in the photobleached chamber until the control valve was released. Please click here to view a larger version
of this figure.
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Figure 3. EGFP Expression in Confined Cell-Free Reaction. (A) Fluorescence images of sealed reaction chambers at chosen time points
in the reaction. Protein production can be seen both inside the reaction chambers and outside the chambers in the main channel. (B) EGFP
was cloned into a Pet3a vector, providing a T7 polymerase promoter and terminator and a strong ribosome binding site (RBS). (C) Normalized
fluorescence measurements of constitutive expression of EGFP in a bulk cell-free reaction performed in a microplate reader. CFPS reactions
usually produce protein quickly before slowing to a 'steady state' fluorescence — this is associated with resource limitation43. Black dashes
indicate the average trace. (D) Normalized fluorescence of 51 raw fluorescence intensity traces read from 51 reaction chambers over several
experiments. Black dashes indicate the average trace over several experiments, which illustrate the deterministic component of the protein
expression. Please click here to view a larger version of this figure.

 

Figure 4. Individual Noise Traces and Noise Autocorrelation of a Cellular and Cell-Free System. (A) From Austin et al., 2006. Noise in
GFP expression (top) and normalized autocorrelation functions (bottom) acquired from tracking GFP production in living bacteria25. Reprinted
by permission from Macmillan Publishers Ltd: [Nature] 25 (Vol. 439), copyright (2006). (B) Noise in GFP expression (top) and normalized
autocorrelation functions (bottom) acquired from GFP production in cell-free system, tracked in microfluidic device reaction chambers. Please
click here to view a larger version of this figure.

Discussion

Gene expression in cells is inherently noisy due to small cellular volumes and low copy numbers of important reactants. Noise biology often
focuses on the sources, processing, and biological consequences of fluctuations in the populations, concentrations, positions, or states of
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molecules that control gene circuits and networks44. The vast majority of this work has been performed in cellular systems, which has the
advantage of viewing the noise of a gene circuit within the natural context of the genetic networks within the cell. However, cell-free systems
allow the characterization of the intrinsic fluctuations of an individual gene circuit without the confounding extrinsic effects18  that cannot be
avoided in cellular systems. Analysis of noise can offer important physical insights into how genetic circuits are structured and how they function,
and has been used in cellular systems to characterize negative25 and positive27 autoregulation, extrinsic and intrinsic contributions to expression
noise18 , and transcriptional bursting45,46. Here we describe the study of a cell-free expression system in microfluidic devices that enable the
simultaneous control of reactor size and reaction initiation times, in order to better understand the roles that confinement and crowding47,48 have
on intrinsic protein expression noise without the complications associated with living cells.

The key enabling feature of the design is the integration of arrays of femtoliter-volume (micron-scale) reaction chambers used for confining the
reactants of a cell-free protein expression system, with an elastomeric “control valve” membrane in PDMS that traps the reactants at a well-
defined, “time zero” for reaction initiation (Figure 1). This control allows the kinetics of the reactions involved in protein synthesis to be followed
in real time with high precision. As such, it is important to manage cell-free reactants so that inter-experimental variability is minimized as much
as possible. This control allows us to evaluate noise structure of cell-free genetic circuits in a manner that is analogous to techniques previously
used to evaluate gene expression in living cells.

As reactants used in CFPS systems can be sensitive to freeze-thaw cycles, it is important to keep the reactants cold and minimize the time the
reactants spend thawing on ice. It is good practice to periodically test the expression of the CFPS system in bulk in order to identify changes
in expression levels over time — this may be done in a 10-15 µl reaction in an Eppendorf tube, or in a device like a microplate reader, which
performs multiple reads over time to capture reaction kinetics. Noting the age and thaw times of the reactants for every experiment will help
when troubleshooting low expression levels. Furthermore, when assembling CFPS reagents, it is important to note that the reaction will begin
once it is fully assembled and removed from the ice. In order to maintain a consistent “time zero”, it is helpful to record the time following the
initiation of the CFPS reaction after the final addition of the DNA input, and to apply the reaction as quickly as possible to the incubated device.
This process should take about 4-5 min, and fluorescence should not yet be visible within the reaction chambers. This control assures that the
time available to visualize the growth portion of the reaction curve is maximized.

Before running CFPS reactions on the device, it is advisable to run quality-control tests to verify there is no leakage from the chambers. A FRAP
test can be performed (as in Figure 2D) by applying a fluorophore to the device and exposing an individual well until the well is completely
bleached. If the chambers are well-sealed, no recovery should be visible inside the well — there should be a stark contrast between the walls
of the compartment and the interior and exterior spaces. If fluorescence recovery is apparent or the walls of the reaction chamber are not well
defined, the pressure on the control valve should be increased or the device should be checked for leakage or delamination from the glass slide.

This protocol has been tested with CFPS reagents from a commercial E. coli cell-free protein expression kit (scaled to 25 µl), though other robust
CFPS systems may be used. It is possible to use volumes much lower than 25 µl when applying reactions to the device, which may be helpful
when reagent cost is a limiting factor in experiments. Once reactants are added to the device and the reaction chambers are sealed, it is not
possible to add reactants to the solution without de-actuating the control valve — thus this device is not suitable for reactions which require the
addition of reagents during the course of the reaction. This device is also not optimized for observing CFPS reactions which may run longer than
3 hr — the effects of dehydration and drying of the device after this time period have not been evaluated. If longer reaction times are desired,
these effects may be mitigated by sealing the device to prevent evaporation, changing the incubation temperature, or by using a humidity
chamber. Modifications to the device design, such as nanoporous structures in the chamber walls49,50 or the inclusion of a porous membrane
layer, represent a few methods which could allow reagent exchange and thus lengthen reaction timescales.

Microfabricated reaction compartments of uniform volume are valuable for maintaining consistent dimensions across experiments and highly
suitable for investigation into “side reactions” with the compartment walls. Unlike methods using non-microfabricated techniques, these reactions
must be evaluated in small numbers, and do not provide dimensional flexibility during experiments. However, the controllable design for
these reaction chambers is highly suitable for time-lapse microscopy, and may be an illuminating complement to a high-throughput method of
confinement.
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