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ABSTRACT: Cell-free systems offer a simplified and flexible context that enables important biological reactions while removing
complicating factors such as fitness, division, and mutation that are associated with living cells. However, cell-free expression in
unconfined spaces is missing important elements of expression in living cells. In particular, the small volume of living cells can
give rise to significant stochastic effects, which are negligible in bulk cell-free reactions. Here, we confine cell-free gene expression
reactions to cell-relevant 20 fL volumes (between the volumes of Escherichia coli and Saccharomyces cerevisiae), in
polydimethylsiloxane (PDMS) containers. We demonstrate that expression efficiency varies widely among different containers,
likely due to non-Poisson distribution of expression machinery at the observed scale. Previously, this phenomenon has been
observed only in liposomes. In addition, we analyze gene expression noise. This analysis is facilitated by our use of cell-free
systems, which allow the mapping of the measured noise properties to intrinsic noise models. In contrast, previous live cell noise
analysis efforts have been complicated by multiple noise sources. Noise analysis reveals signatures of translational bursting, while
noise dynamics suggest that overall cell-free expression is limited by a diminishing translation rate. In addition to offering a
unique approach to understanding noise in gene circuits, our work contributes to a deeper understanding of the biophysical
properties of cell-free expression systems, thus aiding efforts to harness cell-free systems for synthetic biology applications.
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■ INTRODUCTION

Cell-free systems have found wide use in biological studies
including the characterization of membrane proteins,1 the
probing of protein interactions,2 and the exploration of
fundamental aspects of translation.3,4 Here we use cell-free
protein expression reactions to study stochasticity in gene
expression in a simplified context. Gene expression in living
cells is inherently stochastic due to small cell volumes and the
fact that many important reactants are present in small
numbers.5 This inherent noise has been shown to play a key
role in numerous biological processes.6−8 Living cells have
evolved to minimize noise in some cases and harness it in
others.9,10 For example, negative feedback, which is a common
motif in bacterial gene networks, can push noise to higher
frequencies, where it can be more easily filtered.11,12 On the
other hand, noise has also been implicated in the HIV decision

between active replication and latency,13 the λ phage decision
between lysis and lysogeny,14,15 and the Bacillus subtillus
decision between competence and sporulation.15 In addition,
noise can offer advantages to a population of cells exposed to
environmental stress.16 Analysis of gene expression noise can
shed light on the architecture of gene circuits and the
organization of gene networks,14,15 can help to determine
kinetic parameters,17−19 and can yield insights into the
construction of synthetic gene networks.20,21

However, studying noise in living cells is complicated due to
the multiple sources of noise. Besides stochasticity in gene
expression, microenvironment variation, volume changes due to
cell growth,22 random partitioning of cell contents upon
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division,23 differences in cell−cell contacts,24 epigenetic
variation,25,26 and mutation contribute to population variability.
This makes it challenging to distinguish intrinsic noise arising
from the probabilistic reactions of the gene circuit of interest
from extrinsic noise arising from environmental fluctuations.27

Cell-free protein expression reactions offer the opportunity to
study stochasticity in gene expression in a simplified context. In
particular, because cell-free systems avoid many of the
complicating factors (cell division, etc.) contributing to noise
in living cells, the majority of noise in cell-free systems can be
attributed to the gene expression itself.
Cell-free systems are also more flexible than living cells.

While this can be beneficial in certain contexts, it also means
that typical cell-free preparations differ from living cells in terms
of composition and biophysical properties. For example, many
cell-free preparations are optimized to improve mRNA and
protein stability. Also, crowding is usually achieved through the
addition of artificial crowding agents such as polyethylene
glycol. Recent studies have sought to mimic the cytoplasmic
environment28 and to achieve crowding without artificial
reagents.29 However, this might not be desirable in all
circumstances. Indeed, one of the most important benefits of
cell-free systems is that they can be formulated to examine
parameter spaces that either mimic the cell or that extend far
beyond what is realized in cells. In this contribution, we
capitalize on the simplicity and flexibility offered by cell-free
systems to study intrinsic noise in a simple constitutive
expression system.
While the simplicity of cell-free systems makes them ideal for

characterization of noise in gene expression reactions, care must
be taken to ensure that the scale of gene expression noise in
cell-free systems matches that in living cells. In this respect, a
key requirement for quantifying the inherent stochasticity of
gene network architectures is to confine reactions in sufficiently

small volumes. For a given set of reactant concentrations, as
reaction volume decreases stochastic effects generally become
more pronounced due to the smaller numbers of reactant
molecules in the system. Moreover, other system properties
besides stochasticity also change with size. As volume decreases,
the surface area to volume ratio increases, which facilitates
interactions with the external environment and can also lead to
internal phenomena such as adsorption and surface localization
of reactants.30,31 Most cell-free systems that have been explored
to date are too large to exhibit significant stochasticity or other
small-volume effects.
A few efforts have achieved small-volume confinement of

cell-free expression reactions in liposomes. For example,
Nomura et al. demonstrated expression in vesicles that were
approximately 5 μm in diameter but did not study gene
expression noise.32 Nourian and Danelon examined the
distributions of DNA and two different fluorescent proteins
in liposomes of assorted sizes but did not quantify the dynamics
of noise.33 Also, de Souza et al. demonstrated expression in
vesicles that were 200 nm in diameter, but expression in
individual vesicles could not be measured.34 Besides vesicles,
another approach is confinement in fabricated containers.
These offer the benefit of precisely defined dimensions;
however, there has been very limited small-volume confinement
in fabricated containers. Recently, Okano et al. achieved
expression from single DNA molecules in glass microchambers
ranging from 40 fL to 7 pL, but single-well kinetics were only
presented for the larger 7 pL wells.35 These larger picoliter-
scale volumes are representative of mammalian cell volumes,
but mammalian cells feature subcompartmentalization along
with slow events such chromatin remodeling that give rise to
significant noise in gene expression in spite of larger overall
sizes.36 Since we aim to study simpler bacterial expression using
Escherichia coli extracts, achieving smaller fL scale volumes is

Figure 1. (A) Cell-free gene circuit reactions are confined in nanofabricated fL scale devices for the purpose of quantifying gene expression noise.
First, devices are created by fabricating a silicon master. The silicon master is used to mold an array of PDMS wells. Cell-free protein expression
reactions are then confined in the PDMS wells. Fluorescence of the confined reactions is tracked over time for each well using fluorescent
microscopy, and gene expression noise is extracted and characterized. (B) Silicon mold for making PDMS devices. (C) PDMS container with a 3 μm
diameter inner well. (D) 3D orthogonal profile view of GFP mixed with cell extract and loaded into a PDMS container with a 7 μm diameter inner
well.
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critical to recreating the context in which stochasticity operates
in cells.
As illustrated in Figure 1A, we confine cell-free gene

expression reactions in PDMS containers of volumes down to
20 fL, which is between the approximately 1 fL volume of E.
coli37 and the 60 fL volume of Saccharomyces cerevisiae.38 To
confine cell-free expression reactions, we first fabricate silicon
masters as shown in Figure 1B. These are used to mold arrays
of PDMS gaskets such as the one shown in Figure 1C. To load
the resulting PDMS device, reagents are dispensed onto
microscope cover glass, and the PDMS device is forced down
onto the cover glass to seal reagents into the microwells.
Previously, approaches in which reagents are trapped between
cover glass and PDMS microwells have been applied to confine
simple biochemical reactions to fL scale volumes.39,40 However,
the viscous nature of cell extracts and the presence of protein
aggregates can complicate proper sealing of wells. Our gasket
design, illustrated in Figure 1B−C, helps to overcome these
issues by promoting proper contact between the cover glass and
the PDMS immediately surrounding the microwell. In addition,
the fact that reagents surround each gasket helps to prevent
drying, which is a common issue for long duration experiments
at the high surface area to volume ratio associated with the
cellular scale.
Using our PDMS devices, we then demonstrate GFP

expression from a T7 promoter in cell-sized volumes. Finally,
using time-series images of confined GFP, we demonstrate
quantification of the fluorescence intensity of each well, and
show how this can be used for analysis of the noise properties
of gene expression. Although we observe some degree of
variation among different experiments at the cellular scale,
several key observations revealed by noise analysis are common
to all experiments. First, although typical cell-free translation
rates are considerably weaker than in cells, we identify
signatures of translational bursting in the noise. Second,
although bursting is seen initially, the noise dynamics suggest
that overall expression is limited by a diminishing translational
burst rate. Thus, in addition to offering a novel approach to
studying gene expression noise, our work reveals important
properties and kinetics of cell-free expression at the microscale.

■ RESULTS AND DISCUSSION
Cell-free protein expression systems facilitate research at the
interface of chemistry and biology, as they offer the ability to
probe and perturb the underlying machinery of the cell in ways
that are difficult or impossible in living cells. The further
confinement of cell-free reactions in nanofabricated devices
yields well-defined platforms for studying the effects of key cell
properties such as size, shape, and molecular crowding on
reaction dynamics and noise. In this study, we performed a
series of experiments aimed at probing intrinsic noise
properties of gene expression through the use of cell-free
systems. First, we conducted a set of experiments to
characterize the device setup and to verify proper loading and
sealing of reagents. Specifically, we mixed purified EGFP with
cell extract, loaded the devices, and captured Z-stack images.
Figure 1D shows a 3D orthogonal view clearly illustrating that
the wells are fully filled. Figure 2A depicts multiple adjacent
wells. These confocal Z-stacks show that the wells are also filled
evenly. To demonstrate that proper sealing of the devices can
be achieved, we conducted FRAP (fluorescence recovery after
photobleaching) experiments. For example, in Figure 2B, half
of a 7 μm diameter well was bleached. Even though only half of

the well was excited by the laser, fluorescence decreased in both
sides of the well, which verifies that the contents are not dried
out and that mixing is occurring within the well. Fluorescence is
only slightly brighter in the unbleached half of the well,
showing that adsorption of EGFP to the PDMS surface is
minimal.
After performing basic device characterizations, we pro-

ceeded to quantify expression dynamics using devices with 3
μm diameter wells. We expressed EGFP from a T7 promoter
using the genetic construct shown in Figure 3A, and we
captured images every 5 min as shown in Figure 3B. Following
each expression experiment, we conducted a FRAP experiment
to verify proper sealing of the wells (Figure S1A in Supporting
Information [SI]). We then analyzed each series of images from
the expression experiments that exhibited the best sealing
(experiments, A, B, and C). Before examining expression within
the 3 μm wells, we first examined bulk expression dynamics by

Figure 2. (A) Confocal Z-stack renderings of purified GFP mixed with
cell extract and loaded into 7 μm wells. (B) Half of a 7 μm diameter
well is excited (red region in top left), yet GFP in the entire well is
bleached (top right), verifying that the well has not dried. The inset
reveals a slightly higher fluorescence in the unbleached portion of the
well due to a small amount of GFP adsorption to the well surface.
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quantifying fluorescence intensity in the region surrounding the
PDMS wells (Figure S1B, SI). Experiments A and B, which
were conducted from the same batch of cell extract, exhibit
similar bulk expression dynamics. Even though the expression
was weaker for the different cell extract batch used in
experiment C, normalizing each expression trajectory to its
maximum level reveals that all experiments exhibit similar
trends (Figure S1C, SI). In general, the cell-free expression
profiles are marked by an initial delay that corresponds to the
transcription of the first mRNA molecules, a strong increase in
expression while transcription and translation are both active,
an eventual plateauing as expression rates decrease due to
reagent depletion and waste product generation, and a final
decay of protein product.
After characterizing bulk expression dynamics, we then

quantified expression within each PDMS well in order to study
the effect of confinement on cell-free expression dynamics
(Figure 4). Although the bulk dynamic trends were similar
among the different experiments, we observed differences in the
confined expression dynamics. For example, in experiment A
(Figure 4A), fluorescence rises gradually for approximately 150
min and then plateaus. In experiment B (Figure 4B), expression
rises rapidly over the first 80 min and eventually decreases.
Interestingly, experiment C (Figure 4C) appears to exhibit a
combination of the trends observed in experiments A and B,
where some wells show a gradual increase in fluorescence while
others show a rapid rise and eventual decrease in fluorescence.
These differences are likely attributed to different transcription
rates, since transcription dictates the initial rate at which overall
expression proceeds. The fact that experiment C exhibits some
traces (Cluster 1) that are similar to the experiment A profile
and some (Cluster 2) that are similar to the experiment B
profile suggests that transcriptional machinery is not well mixed
and that different wells have different transcriptional
efficiencies.
In addition to qualitative variation in expression efficiency

across different experiments, we also observed significant
quantitative variation between wells in each experiment. This
is particularly interesting, because it hints at fundamental issues
associated with cell-size confinement of cellular reactions.
Potential causes for the variation are aggregation of important
reagents or incomplete mixing of reagents at the micro scale.
The fact that we used high DNA concentrations in our

experiments suggests that the distribution of plasmids among
wells is not the cause of the observed expression efficiency

Figure 3. Expression experiments. (A) Plasmid used in expression experiments. A T7 promoter was used to express EGFP with a strong ribosome
binding site, g10 RBS. A T7 terminator was used for transcription termination. (B) Sample images from an expression experiment. Images were
acquired every 5 min. This enabled the quantification of confined expression within each well as well as that of unconfined bulk expression in the
region surrounding the wells.

Figure 4. Fluorescence from GFP expression in 20 fL wells was
tracked over time for three different experiments: (A) experiment A,
(B) experiment B, and (C) experiment C. Experiments A and B were
performed using the same batch of cell extract, while experiment C
was performed using a different batch of extract.
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variation. Interestingly, an unexpected non-Poissonian distri-
bution of cell-free reagents has recently been observed in 100
nm scale vesicles34 and in liposomes that are several μm in
diameter.33 This has been attributed to “spontaneous
crowding” of expression machinery upon liposome formation,
but the precise mechanism has yet to be elucidated.41 Our
observations in fabricated well arrays suggest that the
phenomenon is not limited to liposomes and is rather a
fundamental feature of protein expression components at the
observed scale. Spontaneous crowding may also explain the
qualitatively different behaviors observed among experiments A,
B, and C, even when experiments are performed with the same
cell extract batch and on the same day (experiments A and B).
In particular, if this phenomenon occurs during the sealing of
compartments, then the results would likely exhibit strong
sensitivity to small variations in the setup process, such as the
exact pressure used to seal the device.
Further investigation is required to identify which reaction

components are distributed nonuniformly, and a possible
approach would be to spike reactions with higher concen-
trations of different components. Ultimately, probing these
biophysical phenomena of cell-free reactions at the micro scale
will inform minimal cell and cell mimic efforts.42−44 In addition,
the question of whether such mixing or crowding effects occur
in live cells has interesting implications in the partitioning of
cell contents during division.17,45,46

Despite the different confined expression trends among the
three experiments, several common observations are made.
Within each experiment, expression efficiency varies signifi-
cantly among the different wells. We rescaled the fluorescence
vs time trajectories for each well and observed that the

trajectories scale approximately multiplicatively with the
ensemble average (Figure S2, SI). In other words, as shown
in SI, the deterministic component of each of the M
fluorescence trajectories ym(t) is well approximated by the
average of all trajectories, a(t), multiplied by a gain factor, Gm:
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In addition to the variation in expression efficiency among
different wells, significant noise levels are observed within each
well. To gain insight into the cell-free transcription and
translation properties that give rise to the observed results, we
extracted and analyzed gene expression noise for each
experiment as depicted in Figure 5A. We first had to handle
the fact that different wells have different expression
efficiencies. On the basis of the multiplicative scaling of
fluorescence vs time traces with the ensemble average (Figure
S2, SI), we employed a rescaling technique8 whereby noise for
each well is determined by subtracting a scaled version of the
ensemble average from the well’s fluorescence vs time trace. In
addition, since two distinct expression characteristics were
observed in experiment C, fluorescence vs time characteristics
were divided into two clusters using k-means clustering.47

Cluster 1 (C1) corresponds to the trajectories in Figure 4C that
exhibit strong initial expression, whereas cluster 2 (C2)
corresponds to the trajectories that exhibit slow initial
expression followed by an eventual increase.
Having extracted the noise, we then calculated noise

magnitude. Noise magnitude can be represented as the

Figure 5. Noise calculations for expression experiments. (A) Starting with the fluorescence vs time traces from each microscopy experiment, we first
calculate the deterministic component, which is based on the average of all expression trajectories. We then extract the noise and quantify how noise
magnitude changes over time, which can be represented as the coefficient of variation (CV) vs time. (B) Average GFP vs time and CV vs time were
calculated, and CV vs mean GFP was plotted for each time point for experiment A (green), experiment B (blue), experiment C, cluster 1 (red,
open), and experiment C, cluster 2 (red, filled). The black line corresponds to a Poisson process for which the variance equals the mean. Each
experiment initially exhibited significant deviation from a Poisson process, and the degree of deviation decreased over time. (C) On the basis of
analysis of the noise data, we estimate burst factor ranges for each experiment.
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coefficient of variation (CV), which is defined as standard
deviation of the noise divided by mean GFP (CV = σ/μ).
Figure 5B shows the CV for each experiment, plotted at each
time point as a function of the ensemble average GFP
concentration at that time point. Figure 5B also shows the CV
vs mean characteristic that would correspond to a Poisson
distribution, for which the variance is equal to the mean (σ2 =
μ). All experiments were observed to exhibit noise magnitudes
greater than what would correspond to a Poisson distribution.
Note that the CV vs GFP trend for Experiment B turns back on
itself simply due to the eventual decrease observed in GFP
expression. For all experiments, as shown in Figure S5, SI, the
deviation from a Poisson process was observed to decrease over
time as the expression rate presumably slowed down.
Another means of representing noise magnitude is the Fano

factor η, which is defined as variance of the noise divided by
mean GFP. Figure S5 in SI shows the Fano factor as a function
of time for the same experiments. Fano factors greater than 1
were observed for all data sets, which further supports that each
expression reaction deviates from a Poisson process. Data sets
corresponding to higher expression levels were also observed to
have higher peak Fano factors.
The noise calculations in Figure 5 provide insights into the

properties of cell-free protein expression at the femtoliter scale.
Cell-free expression kinetics often differ from in vivo expression
kinetics,48 and one interesting question is the extent to which
cell-free expression reactions exhibit bursting. Both tran-
scription and translation can potentially contribute to bursting.
Transcriptional bursting arises from promoter transitions
between active and inactive states, whereby bursts of mRNA
are produced during active states.19,49−51 While transcriptional
bursting is observed for some E. coli promoters, it is far less
pronounced than in eukaryotic systems.52,53 Therefore, our
analysis assumes that the deviations from Poisson distributions
observed in Figure 5B are primarily attributed to translational
bursting whereby several proteins are produced from each
mRNA transcript. To further explain this, we consider the
simple expression model in Table S1 in SI.
For translational bursting, the burst rate b is defined as the

translation rate k2 divided by the mRNA lifetime gm, i.e. b = k2/
gm. To estimate the burst rate values for the experimental data,
we examine the continuous production model in Table S1, SI,
which provides a reasonable approximation of the early
measurements prior to the eventual decrease in expression
rate. When the protein decay rate gp is considerably slower than
the mRNA decay rate gm, such that gp/gm is negligible, the Fano
factor dynamics are described as follows:54
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Thus, the Fano factor settles from approximately (2b+1) to a
steady state value of approximately (b + 1). When gp/gm cannot
be neglected, the Fano factor typically peaks below (2b + 1)
and above the exact steady state given below:

η = +
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1 2

m p

Accordingly, to estimate the range of burst factors for each
experiment on the basis of the peak Fano factors (ηp) observed
in Figure S5, SI, we assume that b falls between (ηp − 1)/2 and
(ηp − 1). The apparent burst rates of the cell-free reactions
(Figure 5C) are on the order of 10−100. This provides further

support for our assumption that translation rather than
transcription dominates the overall bursting behavior observed
in our system. In particular, Taniguchi et al quantified Fano
factors at the transcriptional level for 137 genes in E. coli, and
the median Fano factor was 1.6.53 Therefore, transcriptional
bursting likely constitutes a minor contribution, if any, to the
large burst rates that we find at the protein level. Interestingly,
the burst rates that we observe in our cell-free system are on par
with observed burst rates in E. coli.53 However, it must be
considered that mRNA half-life in the cell-free system that we
used is 30−40 min,55 which is roughly an order of magnitude
greater than typical mRNA half-lives in live E. coli.56 This
suggests that translation rates are roughly an order of
magnitude weaker in our cell-free reactions than in E. coli,
which agrees with previous quantification of cell-free translation
kinetics in bulk.48,57

We also note in Figure 5B that the deviations from Poisson
behavior tend to diminish as the reactions proceed. This would
suggest that the expression reactions slow down and eventually
die out as a result of a decrease in the translation rate. As
illustrated by the example model scenarios in Figure S4, SI,
decreasing the transcription rate does not result in a decrease in
the Fano factor, whereas decreasing the translation rate does
cause a decrease in the Fano factor. The weaker translation
rates that we observed in cell-free systems as compared to those
in live cells, along with our finding that declining translation
rates ultimately shorten cell-free expression lifetimes, hint at
possible targets for improving cell-free reaction platforms. Of
particular interest would be determining why translation rates
are generally weaker in cell-free systems as well as developing
methods for sustaining translation rates, for example through
supplementation of specific cell-free components.
In this study, we showed that cell-free gene expression

reactions can be compartmentalized in cell-scale volumes for
the purpose of studying gene expression noise. The resulting
noise analysis highlighted intrinsic characteristics of constitutive
gene expression, including natural variation in expression
intensity, as well as differences in gene expression kinetics
between live cells and cell-free systems. Using our approach,
gene expression noise can be studied in the absence of
complicating factors associated with living cells, such as growth,
division, mutation, and microenvironment variation. This, in
turn, facilitates the separation of intrinsic and extrinsic noise.
Likewise, in contrast to both living cells and vesicle confine-
ment, our approach has a strictly defined reaction volume. This
minimizes differences due to cell−cell or vesicle−vesicle
variation, which could obscure noise results. In the future,
this same approach could also allow us to explore the effects of
cell size and shape on the function of different synthetic gene
circuits.55 Finally, unlike experiments with living cells, our
experiments begin with a well-defined initial condition of zero
mRNA and protein molecules produced from the expressed
gene circuit. This can be of interest in the study of switching
time distributions in bet-hedging and decision circuits.8,58,59 In
addition, if combined with actuatable membranes and micro-
fluidic on-chip reagent mixing, well-defined initial conditions
can facilitate quantification of early expression events.39

Although we characterized expression in 20 fL containers,
smaller volumes can be achieved with e-beam lithography and
even with photolithography. Extending these efforts in
confining cell-free gene circuit reactions not only offers a new
platform for testing theoretical predictions on the role of
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stochastic noise but also aids efforts to directly harness cell-free
systems for various synthetic biology applications.60

■ MATERIALS AND METHODS
Device Fabrication. Standard 100 mm silicon wafers were

used as masters for PDMS micromolding using conventional
contact alignment optical lithography. MicroPrime MP-P20
(Shin-Etsu MicroSi, Inc., Phoenix, AZ) was spin-coated as an
adhesion promoter prior to the photoresist coating. As an etch
mask, we used a positive resist SPR-955-CM-0.7 photoresist
(Microchem Corp., Newton, MA). Both the adhesion promoter
and photoresist were spin-coated at 2000 rpm for 45 s. Wafers
were baked on a hot plate at 90 °C for 90 s, exposed for 3.5 s,
followed by a postexposure bake on a hot plate at 115 °C for 90
s. The development process was carried out in CD26 developer
(5% tetramethylammonium hydroxide, MicroChem Corp.,
Newton, MA) for 1 min, rinsed with deionized water, and
dried with nitrogen. A one-minute exposure to O2−Ar plasma
at 500 W (PVA Tepla Ion Wave 10) was conducted to remove
any resist residue left on the exposed areas.
The patterned wafers were etched using a silicon waveguide

etching process in an inductively coupled plasma ion etching
system (Oxford Plasmalab 100). The process was carried out in
a mixture of 60 sccm C4F8, 25 sccm SF6, and 2 sccm Ar gases
at 20 °C, 15 mTorr and 30W RF. A 15-min etching time
produced an etch depth of 2.8 μm, as measured by a Dektak
profilometer. Removal of the photoresist was accomplished by
soaking the substrate in n-methyl-pyrrolidinone (NMP 1165)
(Microchem Corp., Newton, MA) at 70 °C, followed by
exposure to 10 min oxygen plasma at 600 W.
PDMS devices were molded from the silicon masters. The

silicon wafers were first silanized with trimethylchlorosilane
vapor (Aldrich) for 1 h. The silanized wafer was then placed in
an 11 cm diameter glass dish, and 55 g of degassed Sylgard 184
PDMS (Dow Corning) mixed according to manufacturer
instructions was then poured over the wafer. After further
degassing, the PDMS was set on a floating table at room
temperature for overnight curing. Following room temperature
curing, the device was cured for an additional hour at 70 °C.
Cell-Free Experiments. The Promega S30 T7 High-Yield

Expression System was used for cell-free experiments. Cell-free
reaction mixture was prepared by mixing S30 buffer with cell
extract in a 10:9 ratio. This mixture was then added to Corning
SpinX 0.22 μm spin columns and filtered by centrifugation for 1
min at 13200 rpm. The filtered mixture was first used for
blocking to prevent adsorption of key reagents to the PDMS
surface. A 5 μL aliquot was dispensed into a 35 mm Petri dish,
and the device was placed onto the aliquot and allowed to sit
for 15 min. Next, to prevent reactions from drying, the device
was boiled for 30 min in Milli-Q purified water using a beaker
cleaned with RNaseZap (Ambion). After cooling to room
temperature, the surface of the device was dried using a
tetrafluoroethane duster (Thorlabs). Then, 4 μL of filtered
reaction mixture was mixed with 1 μL of 90 ng/μL pDEST17-
EGFP DNA,61 and 1 μL of this mixture was dispensed onto 22
mm × 22 mm No. 1 cover glass (Gold Seal). The device was
then placed well-side down onto the mixture. Cellophane tape
was placed on top of the device, and a 1.2 kg brass hex rod
weight was also placed on top of the device for 10 min to aid
sealing. The weight and tape were then removed, and a second
piece of cover glass was placed on top of the PDMS to prevent
drying. Imaging was then performed with the sample incubated
at 30 °C.

Imaging. SEM images of the silicon masters and the PDMS
replica shown in Figure 1 were carried out using the FEI Nova
600 scanning electron microscope. The PDMS device was
coated with 50 nm of chromium prior to imaging to create a
conductive path. For the cell-free experiments, fluorescent
imaging was performed on a Zeiss LSM 700 confocal
microscope with an incubation chamber set at 30 °C and a
63× oil objective. EGFP gain was set to 700, the maximum
pinhole setting was used, zoom was set to 0.6, speed was set to
6, line averaging was set to 4, and laser power was set to 5%.
Images (16 bit, 512 × 512 pixels) were captured every 5 min.

Image Processing. Images were processed in Image J62

using the Time Series Analyzer plug-in. Fluorescence intensity
values were converted to GFP concentrations on the basis of a
calibration curve. This calibration curve was constructed by
imaging the device loaded with different predefined concen-
trations of purified EGFP mixed with cell extract. Purified
EGFP used in control experiments was prepared as previously
described.61

Noise Analysis. We analyzed 144 fluorescence traces for
Experiment A, 151 traces for Experiment B, and 223 traces for
Experiment C. Experiment C traces were then divided into 177
traces for Cluster 1 and 46 traces for Cluster 2. Full details of
the noise extraction and analysis are covered in the SI. Briefly,
for noise extraction, we applied a previously developed
method8 to handle the fact that each trajectory corresponds
to a different expression efficiency, which is captured through a
gain term Gm as described above. To estimate noise magnitude,
we developed an approach for filtering out white noise
pollution due to autofocus error and measurement error on
the microscope. As described in the SI, for each window, we
approximated the noise variance E[n(t)2] as E[n(t)n(t + 1)].
This is a reasonable approximation, since the sampling time is
significantly lower than the half-lives of mRNA and GFP.55 The
approximation filters out the white component of the noise,
since E[nwhite(t)nwhite(t + 1)] = 0 by the definition of white
noise.
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