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ABSTRACT: Encapsulation of in vitro biochemical reaction circuits into
small, cell-sized compartments can result in considerable variations in
the dynamical properties of the circuits. As a model system, we here
investigate a simple in vitro transcriptional reaction circuit, which
generates an ultrasensitive fluorescence response when the concentration
of an RNA transcript reaches a preset threshold. The reaction circuit is
compartmentalized into spherical water-in-oil microemulsion droplets,
and the reaction progress is monitored by fluorescence microscopy. A
quantitative statistical analysis of thousands of individual droplets
ranging in size from a few up to 20 μm reveals a strong variability in
effective RNA production rates, which by computational modeling is
traced back to a larger-than-Poisson variability in RNAP activities in the
droplets. The noise level in terms of the noise strength (the Fano factor)
is strongly dependent on the ratio between transcription templates and polymerases, and increases for higher template
concentrations.
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Encapsulation of biochemical reactions into microcompart-
ments is of considerable interest both for fundamental

biochemical studies and for technological applications.1 For
instance, compartmentalization into water-in-oil emulsion
droplets has been frequently utilized in directed in vitro
evolution experiments.2−7 In such experiments, emulsion
droplets are used to isolate single genetic mutants from each
other, and spatially correlate them with their phenotype. Apart
from in vitro evolution experiments, emulsion PCR8−10 is a
frequently used technique for the amplification of complex
mixtures of genomic DNA, and is nowadays regularly utilized in
various sequencing approaches11 and single cell genomics.12

Compartmentalization also is an essential step for the
generation of small, cell-like reaction compartments that
mimic certain aspects of biological cells. As first steps toward
such “artificial cells”13−15 or “protocells”16,17 various researchers
incorporated genetic components into lipid vesicles.18−25

Improved protocols now allow researchers to implement
increasingly complex functions and behaviors in vesicles. For
instance, cell-free gene expression was used to create an
artificial cell cortex from the bacterial actin homologue MreB26

or to implement complex genetic reaction circuits.27 Recently,
also chip-based artificial cellular compartments were realized
using lithographic microfabrication methods.28

An interesting question of both fundamental and techno-
logical importance is the influence of compartmentalization on
the dynamics of complex (bio)chemical systems.29−31 Com-
partmentalization can affect chemical dynamics in a variety of

ways. In sufficiently small volumes, statistical variations in
molecule numbers and the stochasticity of chemical processes32

can become noticeable. Restricted diffusion of chemical species
or their transient adsorption to the compartment boundaries33

can also alter their reaction dynamics. Furthermore, encapsu-
lation itself may affect concentrations and activities of the
molecules.25,34

Of particular interest in this context is the effect of
compartmentalization on the dynamics of nonlinear chemical
reaction networks. In the past, various groups studied
encapsulation of the Belousov−Zhabotinsky (BZ) oscillator
and related oscillating reactions. In these experiments, coupling
of the oscillator compartments via diffusible oscillator species
resulted in various synchronization phenomena35,36 and even
the emergence of Turing patterns.37,38 In the past few years,
also biochemical oscillator systems were encapsulated within
microdroplets.39,40 These typically operate at lower concen-
trations than inorganic chemical oscillators, and their enzymatic
components are potentially more sensitive to the encapsulation
procedure.41,42 Compartmentalized biochemical systems are
thus expected to display enhanced variability when compared to
the inorganic systems.
Our own group has previously studied an in vitro biochemical

oscillator based on transcription reactions.40,43,44 The oscillator
reaction circuit was comprised of seven DNA species, two RNA
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species, and two enzymes, T7 RNA polymerase (RNAP) and
RNaseH, which served to produce and degrade the RNA
molecules, respectively. In the circuit, two DNA-based
transcriptional templates, also termed “genelets”,45,46 were
connected in a negative feedback loop, which displayed
oscillatory RNA production and degradation dynamics. It was
found that encapsulation into small reaction compartments
(aqueous emulsion droplets with volumes between 33 fL and
16 pL) resulted in considerable dynamic variability of the
oscillator, with increasing variability for smaller volumes. This
was traced back to a large variability in enzyme activities, which
resulted from the encapsulation procedure. In particular, RNAP
appeared to be strongly affected by encapsulation, most
probably due to denaturation and aggregation of multiple
enzymes,42,47 while DNA templates were less affected.
In the present study, we investigate the effect of

encapsulation on a simple subsystem of the transcriptional
oscillator in greater detail, a thresholding circuit composed of
only three DNA species and one enzyme (again, RNAP). In
this circuit (cf. Figure 1) RNA molecules are produced by in
vitro transcription from a short transcription template. The
transcription product can either hybridize to a fully
complementary DNA strand, or to a reporter hairpin molecule
which is only complementary in part. As binding to the full
complement is much more favorable than to the reporter, the
complementary strand effectively acts as thresholding device,
which absorbs all of the RNA until stoichiometry has been
reached between transcripts and the complement. After this
point, excess RNA molecules can bind to the doubly labeled
sensor hairpin (similar to a molecular beacon,48 but with a
smaller loop, a longer stem and augmented by a toehold
sequence), resulting in an ultrasensitive fluorescence response.
As explained in more detail below, studying the dynamics of
such a thresholding reaction circumvents some of the

experimental challenges associated with the exact determination
of small molecule numbers in microdroplets.
With respect to our earlier study,40 we improved our

experimental setup, data acquisition, and data analysis
procedures. These advances allowed us to analyze much larger
numbers of microdroplet compartments, resulting in consid-
erably improved statistics. The lower number of reactant
species also enabled a more thorough quantitative analysis of
the results, and better comparison with reaction kinetic models.
Furthermore, in the experiments we systematically varied the
concentration of the genelet templates, while keeping the
concentrations of all other species constant. As expected, we
found a considerably enhanced variability of the circuits for
smaller droplet sizes, reflected in strong variations of the RNA
production rate and the “switching time”, at which a given
threshold concentration is reached by the RNA transcripts.
Surprisingly, however, we find the variability to also increase
with increasing template concentration. This counterintuitive
behavior can be explained by a simple model, which considers
different partitioning statistics of the genelet templates and
RNA polymerases during the generation of the droplets.

■ RESULTS AND DISCUSSION

Experimental Approach. A schematic overview of the
experimental approach taken in this study is shown in Figure 1.
After preparation of the thresholding circuit, the reaction mix is
quickly emulsified in fluorocarbon oil containing a biocompat-
ible nonionic surfactant49 using a simple vortexing technique
(cf. Supporting Information S1.4), which results in micro-
droplets with a broad size distribution with radii in the range
from ≈ 2 μm up to 20 μm. The progress of the reaction in a
population of microdroplets is then followed by fluorescence
microscopy. As controls, we also monitored the reaction in bulk
solution using fluorescence microscopy as well as fluorescence

Figure 1. Schematic illustration of the thresholding circuit and our experimental approach: The reaction mix initially contains only four distinct
chemical species: T7 RNA polymerase (RNAP), the double-stranded DNA transcription template (“genelet”) G, the single-stranded threshold
strand T, and hairpin reporter R, which is labeled with a fluorophore (gray/red circle) and a quencher (black circle). (1) RNAP transcribes T (which
contains a T7 promoter region) into RNA. Transcribed RNA can then bind to (2) the DNA threshold strand T or to (3) the reporter R. Binding of
RNA to the reporter breaks its hairpin structure and thus separates fluorophore from quencher, which results in a strong increase in fluorescence. As
it is more favorable for RNA to bind to T, the reporter reaction will be measurably active only when the total concentration of produced RNA
exceeds the threshold concentration. Threshold strands can also displace RNA strands from an active RNA-reporter complex, thus deactivating the
reporter (not shown). As shown on the right side of the image, the thresholding reaction is characterized using three experimental settings,
encapsulated within microemulsion droplets and measured with a fluorescence microscope, in bulk solution on the microscope, and in bulk solution,
but measured using a fluorescence spectrometer.
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spectrometry (cf. Supporting Information S2, S3). In all our
experiments, the concentration of RNA polymerase ([P]0 ≈
100 nM), thresholding strands ([T]0 = 600 nM) and reporter
strands ([R]0 = 400 nM) was kept constant, but the
concentration of the genelet template [G]0 was systematically
varied from 1 nM over 5 nM, 10 nM up to 50 nM. Nucleotide
triphosphates (NTPs) were present in excess and did not limit
the transcription reactions. Here and in the following, we
denote the total concentration of a chemical species X by [X]0,
and the concentration of f ree X simply by [X].
We specifically focused on the thresholding reaction of

Figure 1, as it has a variety of experimental advantages for our
study. First, the threshold concentration [T]0 can be
conveniently used to create a time delay between the start of
the reaction and the initial increase of the signal. This time
delay allows for the preparation of a large number of droplets
and the subsequent assembly of the microscopic setup. Second,
our observable is the rate at which the fluorescence signal rises,
which can be determined at a much higher accuracy than the
concentrations of the molecular species in the individual
droplets. We also preferred the straightforward vortex
emulsification over a microfluidic method, as it quickly
generates a large range of droplet sizes in a single preparation,
including very small droplets, which are hard to produce using
microfluidics.
Results of a typical experiment are shown in Figure 2, where

the fluorescence time-course of a thresholding reaction is

shown for two equal sized droplets with radius ρ ≈ 16 μm as
well as for the bulk using both microscope and spectrometer
measurements. As indicated in the Figure, bulk fluorescence
spectrometer and microscopy traces coincide very well. Also
some of the droplet-encapsulated circuits show reaction
dynamics very similar to the bulk, but we also find large
deviations, which become more significant for smaller droplet
sizes and which also depend on the concentration ratio of the
circuit components.
Data Analysis and Modeling. The reaction scheme

shown in Figure 1 corresponds to the following set of chemical
equations:

+ ⇌ · ⎯→⎯ + +
−

+
P G P G P G RNA

k

k kcat

(1)

+ → ·RNA T RNA T
kt (2)

+ → ·RNA R RNA R
kr (3)

· + → · +RNA R T RNA T R
kx (4)

In the additional reaction 4, which is not shown explicitly in
Figure 1, threshold strands sequester RNA transcripts
prematurely bound to reporter strands. The chemical reactions
1−4 were translated into a set of ordinary differential equations
(ODEs) as described in the Supporting Information (SI section
S4.1), and numerical solutions to these ODEs were fit to the
bulk fluorescence traces obtained for the different template
concentrations. From these fits, we determined the RNAP
catalytic rate kcat for each set of experiments (i.e., for a given
[G]0) individually. This allowed us to account for variations in
enzyme activity, which occurred from experiment to experi-
ment, and in particular between different enzyme batches.
In order to analyze circuit variability in the droplets in greater

detail, we focused on one characteristic parameter describing
the overall dynamics of the circuit, the RNA production rate r =
d[RNA]0/dt. As a fit of the full reaction scheme to many
thousands of droplets per experiment would have been
computationally too costly, we analyzed the circuit dynamics
using a reduced analytical model. In this model, we make the
simplifying assumption that the fluorescence signal equals 0
until the RNA concentration reaches the threshold [T]0.
Assuming a constant r this happens at time t = [T]0/r. For t >
[T]0/r, newly produced RNA hybridizes with reporter R with
an association rate kr until all of the reporter is activated. This
can be translated into the two coupled ordinary differential
equations

= −
t

r k
d[RNA]

d
[RNA][R]r (5)

= −
t

k
d[R]

d
[RNA][R]r (6)

which can be solved analytically for [R] (see Supporting
Information S5). The normalized fluorescence signal f(t) equals
the fraction of activated reporters, i.e., f = [R·RNA]/[R]0 =
1 − [R]/[R]0, and is given by the piecewise defined (but
continuously differentiable) function
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where g is given by eq S3.9. In this expression, [T]0 and [R]0
are fixed in the experiments, while the reporter association rate
kr can be extracted from bulk experiments and is found to be kr
= 8.7 × 102 M−1 s−1. Thus, r is the only free parameter and is
used to fit f(t) to the data.
In Figure 3, the production rate r normalized by the bulk

catalytic rate kcat is compared for the different experimental
settingsbulk spectrometer, microscope, and emulsion
dropletsfor genelet concentrations [G]0 ranging from 1 nM
up to 50 nM. Bulk data obtained with the spectrometer or with
the microscope agree very well, which indicates that the

Figure 2. Example of interdroplet variability. The image series on the
bottom and the top of the figure are taken from two different droplets
(colored green and blue) of the 1 nM-template experiment which
display very different production rates. The bulk behavior (black lines,
spectrometer data is dashed and microscope data is dotted) is similar
to that of the green droplet, but very different from the blue one. The
radii of the two droplets are 15.8 and 15.4 μm, respectively.
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microscopic measurement setup per se does not introduce any
bias into the parameter r (e.g., via temperature differences or
inhomogeneities, etc.). In both cases, bulk production rates
increase from r = 0.22 nM s−1 at [G]0= 1 nM to r = 3.4 nM s−1

at [G]0= 50 nM (r/kcat is in the range 0.6 nM to 34 nM). The
determination of r using our fitting procedure was checked to
be robust with respect to experimental noise (Supporting
Information S6).
If we refer to the standard enzyme kinetic model of eq 1, the

RNA production rate r is given by

= = ·r
t

k
d
d

[RNA] [P G]0 cat (8)

and thus the normalized production rate r/kcat corresponds to
the concentration of active enzyme−substrate complexes
[P·G]. At steady state, this concentration is

· = + +
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where KM = (k− + kcat)/k+ is the usual Michaelis−Menten
constant. At small gene template concentrations (for [G]0 ≪
[P]0, KM), the expression simplifies to (cf. also ref 50)

· ≈
+

∝
K

[P G]
[G]

1 /[P]
[G]ss

M

0

0
0

(10)

As can be seen from Figure 3, for the bulk experiments r/kcat
indeed displays a linear dependence on [G]0 (even though
[G]0 ≈ [P]0, KM for the highest genelet concentrations, [P]0 ≈
100 nM and KM ≈ 20 nM in the experiments).
By contrast, the thresholding reactions in the droplets are

almost always slower than in bulk. This indicates a loss of
activity of some of the RNAPs during encapsulation, which may
be caused, e.g., by adsorption at the water/oil interface or by
shear flow.41,42 What is particularly striking is our finding that
bulk and droplet experiments in fact agree relatively well for the

Figure 3. Normalized production rates r/kcat for different template
concentrations [G]0. The production rate is obtained by a fit with the
simplified reaction model.

Figure 4. Scatter plots of normalized production rates r/kcat in emulsion droplets for genelet concentrations of (a) 1 nM, (b) 5 nM, (c) 10 nM, and
(d) 50 nM. Black dashed lines are the values of the spectrometer measurements. Black dotted lines are the values of the bulk measurement in the
microscope (bulk values are not shown in (d) as they differ strongly from the droplet data in this case, cf. Figure 3). The solid thick black lines are
the average value of 1.5 μm wide moving bins. The curves above the scatter plots in each subgraph represent the relative number of droplets in these
bins (i.e., the droplet size distribution). The histograms on the right-hand side are for small droplets (radius <8 μm, green) and larger droplets
(radius >12 μm, orange).
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smallest template concentration of [G]0 = 1 nM, whereas they
systematically differ more strongly for the larger [G]0. At the
same time the variance of the production rate also increases
with [G]0. At first sight this seems counterintuitive, as due to
typical “small number effects” we might have expected larger
deviations for the smaller template concentrations (cf. analysis
below).
Influence of Template Concentration and Droplet

Size. We also analyzed the distribution of the production rates
r as a function of droplet radius. As can be seen in the scatter
plots and histograms shown in Figure 4, the mean production
rates deviate from the bulk values more strongly for the smaller
droplet radii, and they are also distributed more widely. As
already indicated in Figure 3, the width of these distributions
appears to be larger for the higher template concentrations. The
distributions of the droplet radii themselves are approximately
described by log-normal distributions, which is expected for a
droplet production process, in which initially large droplets are
repeatedly broken down into smaller droplets.51,52

As noted above, r/kcat = [P·G]ss, and we can thus also view
the observed variability in the normalized production rate as
caused by a variation in the concentration of active enzyme
complexes. On the basis of this observation, we further
analyzed the variability of our data in terms of typical noise

characteristics such as the coefficient of variation CVx = σx/μx,
or the noise strength Φx = σx

2/μx (also referred to as “Fano
factor”), where μx is the mean value and σx is the standard
deviation of the quantity of interest x. Notably, for a Poisson
distributed variable μx = σx

2, and thus Φx = 1.53

For further analysis, we converted the effective concentration
of enzyme complexes in each droplet with radius ρ into a
quantity ξ proportional to the corresponding number of
molecules via ξ = r·ρ3/kcat. A plot of the resulting noise strength
of ξ and its coefficient of variation is displayed in Figure 5. As
can be seen in the figure, the dependence of CVξ on the radius
very well follows a ∝ ρ−3/2 behavior. As the mean value scales as
μξ ∝ ρ3, the observed behavior corresponds to a typical “small
number effect” with CVξ ∝ μξ

−1/2. By contrast, in the noise
strength Φξ this “trivial” radius/molecule number dependence
has been canceled out. Above droplet radii of ρ ≈ 6 μm, the
noise strength appears to be approximately constant, whereas
for smaller droplet sizes Φξ seems to become radius-dependent.
What is more striking, however, is the variation of noise
strength with the template concentrationΦξ increases for
larger [G]which cannot be explained by a simple small
number effect alone.
In order to rationalize the trend observed in Figure 5, we

computationally modeled several partitioning scenarios, which

Figure 5. Noise strength Φξ = σξ
2/μξ calculated for active RNAP-genelet complexes for the different template concentrations. Every data point is

calculated for droplets with radii within a bin of width 1.5 μm. In the plots, the opacity of the crosses encodes the statistical significance, i.e., the
number of droplets within the radius bin, of the data point. The dashed lines are fits with a·ρb and the thin solid lines with a·ρ−3/2, each weighted by
the number of droplets in each bin.

Figure 6. Simulated Fano factor σ2/μ of rescaled particle numbers (ΦP·G) for the different template concentrations. Before partitioning the system is
equilibrated. Then all three molecule species are distributed independently, G and P·G according to a Poisson distribution with a mean value μ that
represents the bulk equilibrium and P using a gamma distribution with the appropriate mean μ but with shape parameter β = a·ργ + b (a = 9 and b =
1 in the figure). The molecule numbers are then equilibrated again within each compartment. The resulting distribution of the P·G particle numbers
shows a Fano factor that has a similar radius and template concentration dependency as in the measurement. For comparison, the dashed and dotted
lines are generated in simulations, in which all molecule species are distributed either according to Poisson or Gamma statistics. In this case σ2/μ is
almost the same for all four concentrations, and does not display the experimentally observed trend.
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might lead to this peculiar behavior of the noise strength. To
generate initial molecule distributions in an ensemble of
droplets (assuming that RNA production during droplet
generation was negligible), we randomly distributed the
molecular species comprising the production part of the
thresholding circuit, P, G, and P·G, according to Poisson or
gamma distributions, followed by an equilibration step, in
which the concentrations were adjusted according to eq 1 (cf.
Supporting Information S7).
In previous work, we had found that the concentrations of

active RNA polymerases partitioned into microemulsion
droplets did not follow a simple Poissonian distribution, but
could be better described with a gamma distribution, which is
given by40

ξ α β
β α

ξ=
Γα

α ξ β− −P e( ; , )
1

( )
1 /

(11)

Such a distribution can result, e.g., when considering a
combination of aggregation and partitioning during the droplet
generation process (cf. Supporting Information S7.1). For the
gamma distribution, the mean value is given by μξ = αβ, while
the variance is var (ξ) = αβ2. Correspondingly, the coefficient
of variation of a gamma distributed variable is α−1/2, and its
noise strength is equal to β. As shown in Figure 6, if all of the
species (i.e., both genelets and enzymes) of the circuit are
partitioned into the droplets according to the same distribution,
we actually cannot generate any dependence of the fluctuations
on the template concentration. The value of β then essentially
sets the level of the noise strength of the variables (in Figure 6,
β = 1, corresponding to a Poisson distribution, and β = 10 are
shown). The situation changes if we distribute RNA polymer-
ase according to a gamma distribution (β = 10), while Poisson
partitioning the DNA species and the protein−DNA-complex.
In this case, the overall behavior of the noise strength is very
well reproduced, suggesting that enzymes and DNA indeed are
affected differently by the partitioning process. We note that we
actually do not have direct proof for Poisson partitioning of the
DNA species (which is here chosen for simplicity) as it is
difficult to directly measure nanomolar concentrations (or
corresponding molecule numbers) in the droplets using
fluorescence microscopy with sufficient accuracy. Our data is
consistent, however, with the DNA species being distributed
with a smaller variance than the polymerase.
We also attempted to capture the apparent radius depend-

ence of Φξ in our model. It turns out that essentially any
assumed dependence of the parameter β on the radius of the
droplets is passed through to the noise strength. Specifically, we
studied a dependence of the form β(ρ) = a·ργ + b in order to
consider potential volume or surface dependent effects exerted
during encapsulation of the circuits. In the absence of any
radius dependence (γ = 0, β = const), the noise strength as a
function of radius is (trivially) constant. Interestingly, the radius
dependence of Φξ observed for the smaller radii seems more
consistent with a scaling of β with a fractional exponent γ < 1
(cf. Figure 6 for the case γ = 1/3), whereas larger γ do not
generate the observed trend. In the Supporting Information
(section S7), we speculate on a process that could generate
such a behavior. For instance, Φξ and ρ can be coupled by
assuming enzyme aggregation to be affected by droplet fission.
An exponent γ < 1 can be produced by assuming that the mean
size of the enzyme aggregates becomes smaller in smaller
droplets, which will typically have undergone more fissions
during the production process.

Overall, the behavior observed in Figure 5 and simulated in
Figure 6 shows that a dynamic property such as the production
rate r (which in a steady state picture can be related to the
concentration of RNAP-genelet complexes [P·G]) can display
very different noise characteristics for different “operation
points” of our simple circuit. Even though DNA templates are
presumably not affected much by the droplet generation and
partitioning process, the observed noise strength strongly
depends on their initial concentrations. This noise in fact
originates from the RNA polymerases, which are present at a
constant initial concentration, but which are affected by droplet
partitioning. For [G]0 ≪ [P]0, this can also be qualitatively
understood via eq 10. It follows that a relative variation in RNA
polymerase numbers (or activities) results in a relative variation
in [P·G]ss, and thus r, which is simply proportional to the
enzyme’s variation. Therefore, CVξ ∝ CV#RNAP, independent of
the template concentration. This is also reflected by the curves
displayed in Figure 5a, which coincide well for the low genelet
concentrations. By contrast, eq 10 results in a linear
dependence of the noise strength on genelet concentration,
i.e., Φξ ∝ [G]0. For larger template concentrations, however,
when [G]0 ≈ [P]0, the variable RNAP activity appears to lead
to a considerably enhanced variability in RNA production rate.
An important question is whether our observations are

specific to the experimental system and preparation method, or
whether they have more general validity. It is likely that the
exact shape and width of the molecule number distributions
depends on experimental factors such as the droplet
preparation method or surfactant used.41,49 For instance, it is
conceivable that the rather harsh vortex emulsification leads to
particularly strong effects and microfluidic droplets would
generate smaller variability. However, previous work on enzyme
activities in small microfluidic droplets also showed a
considerable reduction in activities. Most other work on
microdroplets utilized much larger droplets (with diameters
≈100 μm) and concentrations,39,41 and is thus hard to
compare. Regardless of the exact size of the effect, however,
it seems likely that different components of a chemical reaction
network will be affected differently by compartmentalization,
and typically enzymes will be more sensitive than nucleic acid
components. Thus, qualitatively we would expect very similar
effects also in other experimental settings involving small
volumes and molecule numbers.

■ CONCLUSION

We have quantitatively studied the influence of compartmen-
talization into microemulsion droplets on the dynamics of a
simple in vitro transcriptional reaction circuit, which generates
an ultrasensitive response when the concentration of an RNA
species transcribed from a transcription template reaches a
preset threshold. As anticipated from earlier experiments, the
circuits display a large variability in their dynamical behavior.
This is reflected in widely differing RNA production rates in the
droplets, and thus different times at which the threshold is
reached. The variability is consistent with the assumption that
RNA polymerase activities have a larger-than-Poisson variability
in the droplets, while the concentrations of DNA species obey a
distribution with much smaller variance than the polymerases
(e.g., Poisson). Remarkably this leads to very different noise
properties depending on the ratio between transcription
templates and RNA polymerases, even though the polymerase
concentration is kept constant in our experiments.

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.5b00051
ACS Synth. Biol. 2015, 4, 1136−1143

1141

http://dx.doi.org/10.1021/acssynbio.5b00051


Our results demonstrate that upon compartmentalization, a
seemingly simple reaction circuit composed of only three DNA
species and one enzyme can display large statistical fluctuations,
which, moreover, depend on the exact “operation point” of the
circuit. In future experiments, understanding such dependences
will be helpful to deliberately operate synthetic reaction circuits
in a “noisy” or in a “clean” regime, depending on the
application envisioned for these systems. For instance, in
genelet circuits enzyme-induced noise is expected to be
(relatively) reduced when working at genelet concentrations
well below the KM and [RNAP]. By contrast, our previously
investigated transcriptional oscillator was operated at high
genelet concentrations (≈ KM, [RNAP]) and thus in the high
noise regime.

■ MATERIALS AND METHODS

Chemicals. The DNA strands were purchased from biomers
(Ulm, Germany) and delivered in water with a concentration of
100 μM after HPLC purification. For the formation of the
double stranded genelet we mixed the two strands in buffer and
anealed them by a 2 h cooling ramp starting at 90 °C and
ending at 5 °C. Unless otherwise noticed all chemicals were
purchased by Sigma-Aldrich. A list of chemicals and the DNA-
sequences can be found in Supporting Information S1.1 and
S1.2.
Droplet Production. Water-in-oil emulsion droplets were

produced by vigorously shaking the reaction mix with FC-40
Fluorinert oil (F9755, Sigma- Aldrich) that contained 1.8%
(weight) of the surfactant E2K0660 (RainDance Technolo-
gies). The droplets then were observed on an epifluorescence
microscope (Olympus IX71) using ibidi μ-Slides VI0.4 as
observation chambers.
45 μL oil and 10 μL reaction mix were mixed in a 200 μL

tube with a Vortex Genie 2 at maximum speed (2700 Hz) for
30s to 60s. Mixing was performed until the suspension became
slightly turbid but not yet milky. This criterion turned out to
result in a droplet density that is high enough to allow for
observation of a large number of droplets in one image, but
which is still low enough to not result in droplet multilayers in
the observation chamber.
Microscopy. Video microscopy was performed on an

inverted fluorescence microscope (Olympus IX71) using a
10X objective (Olympus UIS2 10× UPlanSApo). For
automated microscopy experiments, the microscope was
equipped with a filter cube torret (Olympus IX2-RFACA), a
motorized probe holder (Prior Scientific), a remote controlled
illumination source (consisting of a bright field LED from Prior
and a 4-Wavelength fluorescence LED source from Thorlabs
(LED4D067 together with DC4104)), and a focus motor
(Prior PS3H122). For fluorescence experiments, an RFP filter
cube (Ex 530−550 nm/Em 590-∞) was used. Images were
recorded with en EM-CCD (Andor LucaR (DL-604 M-#VP)),
and automatic video capture was performed with μ Manager
1.4.54 To enhance the video quality, a software autofocus
system was used. During the experiment the probe was kept at
37 °C using a transparent heating plate (TOKAI HIT
MATS_UAXKP-D).
Spectrometry. Reference measurements were performed in

a fluorescence spectrometer (Cary Eclipse, Varian-Agilent). In
these experiments, the reaction mix was put into Hellma
precision-cuvettes made from quartz glass SUPRASIL
(105.254-QS) and heated to 37 °C by a Peltier block.

Data Analysis. This videos were analyzed by a self-
developed MATLAB (Mathworks) program using the image
processing toolbox. For further details see Supporting
Information S2 and S3.
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