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Robust and tunable performance of a cell-free
biosensor encapsulated in lipid vesicles
Margrethe A. Boyd1,2, Walter Thavarajah2,3,4, Julius B. Lucks2,3,4,5*, Neha P. Kamat1,2,5*

Cell-free systems have enabled the development of genetically encoded biosensors to detect a range of envi-
ronmental and biological targets. Encapsulation of these systems in synthetic membranes to form artificial cells
can reintroduce features of the cellularmembrane, includingmolecular containment and selective permeability,
to modulate cell-free sensing capabilities. Here, we demonstrate robust and tunable performance of a transcrip-
tionally regulated, cell-free riboswitch encapsulated in lipid membranes, allowing the detection of fluoride, an
environmentally important molecule. Sensor response can be tuned by varying membrane composition, and
encapsulation protects from sensor degradation, facilitating detection in real-world samples. These sensors can
detect fluoride using two types of genetically encoded outputs, enabling detection of fluoride at the Environ-
mental Protection Agency maximum contaminant level of 0.2 millimolars. This work demonstrates the capacity
of bilayer membranes to confer tunable permeability to encapsulated, genetically encoded sensors and estab-
lishes the feasibility of artificial cell platforms to detect environmentally relevant small molecules.
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INTRODUCTION
Cell-free systems have emerged as a powerful technology to detect a
wide variety of molecular signals, including chemical contaminants
relevant to the environment and human health (1–9) and markers
of disease and infection (10–17). By reconstituting purified cellular
machinery in vitro, these systems enable the use of natural cellular
biochemical sensing mechanisms in a low-cost, distributable, and
easily tunable platform. Despite these key advantages, removal
from the cell also eliminates certain features of the cell’s native
membrane barrier—such as reaction containment, protection
from reaction inhibitors, and selective gating—all of which can
add important functionality to cell-free biosensors (18).

Efforts to deploy sensors highlight these limitations caused by
the absence of cellular membranes. For example, without a
barrier between the sensor and the sample, detecting targets in
complex matrices such as polluted water or biological samples re-
quires additional modifications to the reaction or preparation pro-
tocols (6, 19, 20). This is because cell-free reactions are easily
inhibited by changes in salt concentrations, the presence of deter-
gent-like molecules, and bioactive enzymes such as deoxyribonu-
clease/ribonuclease (RNase) that either degrade or compete with
components of the reaction. Cell-free sensors are also sensitive to
dilution and therefore require a controlled reaction environment
(21). One strategy to mitigate these limitations is to recapitulate
some of the lost features of the cell membrane by encapsulating
cell-free sensors inside of synthetic membranes. These structures,
often referred to as artificial cells, leverage powerful cellular
protein expression mechanisms inside a cell-like compartment to
carry out dedicated sensing behaviors. In these systems,

encapsulation in a semipermeable compartment allows users to
tune the reaction environment on a molecular scale, enabling
control over molecular access to the sensor while maintaining
many of the advantageous features of cell-free systems (18).

There are two major considerations in designing artificial cell-
based sensors: determining the impacts of a confined reaction en-
vironment on sensor function and choosing an appropriate target
molecule and application. In terms of reaction confinement, the
small scale of the encapsulated environment can affect reactant
loading, reaction time, and limit of detection (22–24). These
effects have been shown to affect the basic processes of gene expres-
sion (25), which, in turn, affects cell-free biosensors that regulate
reporter gene expression at the level of transcription or translation
(26). Of the wide range of genetic regulatory networks used for bio-
sensing, RNA-based biosensors that regulate transcription (mRNA
synthesis) require the fewest components and operate on a faster
time scale (3, 27), which may reduce the impacts of confinement
on sensor function relative to biosensors that regulate translation
(protein synthesis). Riboswitches—noncoding RNA elements up-
stream of protein coding genes that change their structure in re-
sponse to specific ligands to regulate gene expression—could
offer an opportunity to address these constraints due to reaction
confinement.

Previous proof-of-concept studies have focused on encapsula-
tion of two synthetic, translationally regulated riboswitches that
respond to membrane-permeable signals: theophylline (21, 28,
29) and histamine (30). Both riboswitches have been successfully
encapsulated in bilayer vesicles, generating either a fluorescent
protein readout or a protein-mediated response upon analyte
entry into the vesicle interior (21, 28–30). Encapsulation of tran-
scriptionally regulated riboswitches has yet to be demonstrated.
Transcriptional riboswitches require dynamic conformational
changes during transcription to enact their mechanism—a
process that could be affected by general features of confinement
or electrostatic interactions with the lipid bilayers (31, 32).
Despite these potential challenges, the mechanisms underlying
transcriptionally regulated riboswitches are being further
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uncovered (33). These sensors have demonstrated the feasibility of
detecting environmentally important analytes in cell-free systems
and can function with RNA-level outputs (3)—a key feature that
may mitigate resource constraints—motivating further efforts for
their encapsulation and deployment.

A second major consideration in encapsulated sensor develop-
ment is the selection of an appropriate target and application. Of
the many potential uses of encapsulated biosensors, water quality
monitoring is one of the most compelling from a global perspective.
One in three people globally lack access to safe drinking water (34),
and the ability to identify contaminated water sources is essential
for their quarantine or remediation (35). Fluoride is among the
most concerning of these contaminants; chronic exposure to fluo-
ride binds it to the calcium in teeth and bones, weakening them and
causing lifelong health consequences (36). From both environmen-
tal and anthropogenic sources, fluoride exposure is especially prob-
lematic in parts of China, Africa, South America, and India (36, 37),
with high fluoride concentrations also found in groundwater across
the United States (37). This diversity of sample sources comes with a
corresponding increase in potential reaction inhibitors, presenting
the need for a robust sensor that retains function in complex matri-
ces. Encapsulated fluoride biosensing reactions would address this
need, delivering far-reaching global health benefits and establishing
a framework to address future water quality challenges.

In this study, we sought to develop artificial cell-based sensors
for fluoride by encapsulating a transcriptionally regulated, fluo-
ride-responsive riboswitch within bilayer membranes (Fig. 1). We
first encapsulate the riboswitch, then demonstrate its ability to
detect externally added fluoride, and show that membrane compo-
sition can bemodified to tune sensitivity to exogenous ions.We also

demonstrate that encapsulation protects cell-free reactions from
sample degradation, particularly from extravesicular degradative
enzymes. Last, we couple riboswitch output to both fluorescent
and colorimetric reporters and show that vesicle-based sensors
can detect fluoride at environmentally relevant concentrations
and in real-world water samples. This work demonstrates the poten-
tial of encapsulated, riboswitch-based sensors for biosensing appli-
cations, complimenting existing cell-free sensor engineering
strategies and enabling sensing in otherwise inhospitable
environments.

RESULTS
A transcriptionally regulated fluoride riboswitch can
function inside lipid vesicles
We first sought to confirm that a transcriptional riboswitch can
function when encapsulated inside lipid vesicles. For the riboswitch,
we chose the fluoride responsive riboswitch from Bacillus cereus,
which we characterized previously (3). In earlier studies, we
showed that this riboswitch can be used to control the expression
of several different reporter proteins and fluorescent RNA aptamers
in bulk Escherichia coli extract–based cell-free systems (3). In this
system, the fluoride riboswitch is encoded within a single DNA
template, downstream of a consensus E. coli promoter sequence,
and upstream of a reporter coding sequence. In the absence of fluo-
ride, E. coli polymerase transcribes the riboswitch sequence, causing
it to fold into a conformation that exposes a transcriptional termi-
nator hairpin and subsequently causes RNA polymerase to stop
transcription (38). In the presence of fluoride, fluoride binding to
the riboswitch aptamer domain prevents the terminator from
folding, allowing transcriptional elongation of the reporter coding
sequence.

In this study, we first chose to use a super folder green fluores-
cent protein (GFP) reporter, as it allows convenientmeasurement of
riboswitch activity. For the cell-free system, we used an E. coli S30
lysate prepared with runoff and dialysis, which has been shown to
allow the function of biosensors that require bacterial polymerases
(39). Embedding the riboswitch DNA template into the extract
system alongside varying concentrations of sodium fluoride (NaF)
showed, as expected (3), an increase in GFP fluorescence as fluoride
concentrations increased up to 3 mM, followed by a decrease in
fluorescence at higher concentrations (Fig. 2A). This decrease is
likely caused by fluoride inhibition of the gene expression machin-
ery (40) and is consistent with our previous characterization of this
construct (3). Accordingly, we used 3 mMNaF for the remainder of
this study to obtain the expected maximum fluorescent output of
the system.

We then set out to assess whether the fluoride riboswitch could
retain functionality when encapsulated within lipid vesicles. Vesi-
cles were synthesized using a water-in-oil emulsion transfer
method (Fig. 2B) (41). In this method, various membrane amphi-
philes (e.g., lipids, cholesterol, fatty acids, and diblock copolymers)
are dissolved into an oil phase, and an emulsion is formed by vor-
texing the aqueous cell–free reaction into this mixture. The emul-
sion is then layered onto a second aqueous layer containing the
small-molecule components of the cell-free reaction, and emulsified
droplets are centrifuged through the oil-water interface to generate
unilamellar vesicles. Previous characterization of vesicles formed
using this method has yielded encapsulation efficiencies of ~98%,

Fig. 1. Artificial cell sensors. Encapsulation of cell-free systems in artificial cells
creates a semipermeable barrier between sensor components and the environ-
ment, which modulates their molecular interactions. Reactants are contained
within the vesicle interior, while proteins and other large molecules in the external
sample are excluded from vesicle entry (top). Small, membrane-permeable mole-
cules can diffuse into the vesicle interior, initiating a riboswitch-mediated re-
sponse that is specific to an analyte of interest (bottom right). The riboswitch
folds into a terminating conformation in the absence of sufficient concentrations
of target analyte (bottom left).
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indicating high levels of entrapment of aqueous components (41).
Vesicle synthesis using this approach yields a distribution of differ-
ent vesicle sizes on the 5- to 50-μm scale, which could affect our
quantification of fluorescence (42). To control for this, we also in-
corporated a protein-conjugated dye, ovalbumin-conjugated Alexa
Fluor 647 (OA647), which served as a volume marker and allowed
us to detect the vesicle interior regardless of GFP expression level
(30, 43). After synthesis, vesicles were incubated under varying con-
ditions at 37°C, and protein expression was assessed using epifluor-
escent microscopy after 6 hours of incubation (Fig. 2C and fig. S1)
(30, 42). Vesicles were imaged using GFP and Cy5.5 channels, and
images were analyzed using the NIS-Elements Advanced Research
(AR) software program (44), which allowed us to automatically
select vesicle interiors using the OA647 marker and report GFP
fluorescence in those regions. This protocol allowed us to analyze
hundreds of vesicles per sample, maintain the same selection pa-
rameters between samples, and minimize the impact of user selec-
tion bias in the analysis. In addition, the encapsulated volume
marker allowed us to report GFP expression relative to OA647 fluo-
rescence to control for possible variability in vesicle size or loading.
Last, to control for variations in levels of extract autofluorescence
between vesicle preparations, we analyzed all samples compared
to an “extract-only” control population for each preparation.
Using these methods, wewere able to ensure that our measurements
were isolated to intact (nonlysed) vesicles, which retained their
protein cargo (fig. S2).

Using the above approach, we encapsulated cell-free reactions
with and without fluoride present in the bulk reaction mixture.
We chose to use a 2:1 ratio of cholesterol and 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) phospholipid as mem-
brane amphiphiles due to their previous use in similar encapsulated
expression studies (21, 28–30, 43). Upon coencapsulation of the ri-
boswitch with 3 mM NaF, we observed GFP expression inside ves-
icles, indicating the riboswitch was in the “ON” state (Fig. 2C). In
contrast, in the absence of DNA (extract only) or in the absence of
fluoride (0 mM NaF), we observed minimal GFP expression, indi-
cating an “OFF” state (Fig. 2C). This high level of GFP induction
inside vesicles by fluoride indicates that membrane encapsulation
does not eliminate the ability of the riboswitch to fold properly
and does not cause significant nonspecific expression.

We observed that populations of vesicles exhibited variations in
GFP fluorescence between individual liposomes after 6 hours of in-
cubation (Fig. 2C), a phenomenon that has been observed in similar
studies across multiple encapsulation protocols (21, 24, 30, 42, 45–
47). It has been hypothesized that these variations in gene expres-
sion may be caused by variability in vesicle loading and/or varied
levels of molecular exchange with the surrounding buffer for vesi-
cles of different sizes (24, 45, 46, 48). To report this variability across
vesicle populations, we have included metrics of skew for each pop-
ulation result (tables S1 to S3). Even after taking this variability into
account, however, induction of GFP expression is clearly observable
across the vesicle population, indicating proper riboswitch sensor
activity and a robust response to fluoride in encapsulated sensors.

External fluoride can be detected by an encapsulated
riboswitch
We next sought to determine whether the encapsulated riboswitch
could detect fluoride added to the external solution of preassembled
sensor vesicles. To assess this, we prepared vesicles containing cell-

Fig. 2. A fluoride riboswitch can function within bilayer vesicles. (A) Represen-
tative trace of riboswitch-regulated GFP expression under bulk conditions in re-
sponse to increasing fluoride concentrations. In the presence of NaF, the
riboswitch folds into an ON state, which allows the expression of a GFP reporter
molecule. au, arbitrary units; RNAP, RNA polymerase. (B) Double emulsion assem-
bly allows the encapsulation of functional cell-free reactions. Assembled reactions
are vortexed into a lipid/oil mixture and then centrifuged into an aqueous solution
(left). The resulting vesicles contain cell-free reactions, which can respond to coen-
capsulated fluoride by expressing GFP (right). (C) GFP/ovalbumin-conjugated
Alexa Fluor 647 (OA647) fluorescence, which indicates GFP concentration relative
to the OA647 volume marker inside each liposome. GFP/OA647 fluorescence in-
creases inside of vesicles when 3 mM NaF is coencapsulated compared to no
DNA (extract) or no fluoride (0 mM NaF) controls. Micrographs show variations
in GFP fluorescence between vesicles from the same population, which results
in a distribution of fluorescence values. Scale bars, 50 μm. Black lines indicate
mean fluorescence and SD. ****P ≤ 0.0001; nonsignificant (ns), P > 0.05; P
values are generated using a one-way analysis of variance (ANOVA) and Tukey’s
multiple comparisons test.
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free reactions without NaF present in the reaction mixture. We then
titrated in NaF into the solution surrounding the vesicles (Fig. 3A)
and imaged them following incubation for 6 hours at 37°C. We ob-
served increasing GFP expression with increasing concentrations of
NaF up to 3 mM and a slight decrease in average fluorescence at 5
mM, consistent with bulk studies (Fig. 3, B to D). Vesicle

populations exhibited increases in both mean GFP/OA647 fluores-
cence and population skew in response to increasing fluoride, either
of which could serve as a metric of fluoride detection (table S1). All
fluoride-containing conditions exhibited a significant increase in
fluorescence compared to no DNA and no fluoride controls
(Fig. 3, B and C, and table S1). When incubated with chloride, a

Fig. 3. Encapsulated sensors detect external fluoride. (A) Schematic of conditions. Vesicles were prepared encapsulating extract only (left) or fully assembled reactions
without NaF. Upon addition of increasing fluoride in the external solution, expression of GFP inside vesicles increases (right). (B) GFP/OA647 fluorescence as a result of
riboswitch activity in 2:1 cholesterol:POPC vesicles in response to increasing NaF added externally. Black lines indicate mean fluorescence ratio and SD. (C) Histogram of
vesicle populations shown in (B). Data are plotted with lowless curve fitting. (D) GFP fluorescence in micrographs of vesicles with increasing external concentrations of
NaF. Scale bars, 50 μm. (E) GFP/OA647 fluorescence in response to increasing fluoride shown from left to right: 2:1 cholesterol:POPC membranes, pure POPC lipid mem-
branes, POPC + 10% oleic acid (OA) membranes, and POPC + 10% 1.8k (molecular weight = 1.8 kDa) PEO-b-PBD membranes. Composition and morphology of each
membrane composition are indicated by schematics and micrographs, respectively. ****P ≤ 0.0001; **P ≤ 0.01; *P ≤ 0.05; ns, P > 0.05; P values are generated using one-
way ANOVA and Tukey’s multiple comparisons test.
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similarly monovalent anion, a slight response to increasing ion con-
centration was observed; however, these responses were signifi-
cantly lower than any response to fluoride and did not exhibit
any of the highly active vesicles that were observed under all fluo-
ride-containing conditions (fig. S3). These responses were easily
distinguishable between fluoride and chloride, indicating sufficient
specificity to fluoride, as has been observed previously (3). Togeth-
er, these results indicate that increasing concentrations of fluoride
added to the extravesicular environment can be detected by the en-
capsulated riboswitch.

This result was somewhat unexpected, as we anticipated that the
membrane would be relatively impermeable to charged fluoride
ions. The observed magnitude of fluoride permeability may be ex-
plained in part by the transient formation of hydrofluoric acid (HF).
HF has been shown to exhibit a permeability coefficient that is seven
orders of magnitude greater than fluoride anions through lipid/cho-
lesterol bilayers, indicating that HF travels through the membrane
much more readily than its anionic F− counterpart (40, 49). We
confirmed this effect by encapsulating a pH sensitive dye, 8-hydrox-
ypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), which report-
ed a slight decrease in pH in the vesicle interior upon the addition of
fluoride to the external buffer (fig. S4). This result indicates an in-
crease in proton concentration inside the vesicle as fluoride concen-
tration increases, consistent with cross-membrane transport of HF.

Because we observed that fluoride could pass through the mem-
brane to interact with the encapsulated riboswitch, we wondered
whether we could alter the composition of vesicle membranes to
modulate membrane permeability and thereby modulate sensitivity
of these sensors to external fluoride. Membrane permeability to
small molecules depends significantly on membrane composition,
as various lipid chain chemistries and contributions from other am-
phiphilic components can impart an effect on membrane physical
properties. Cholesterol, a major component of our original 2:1 cho-
lesterol:POPC lipid composition, is known to decrease membrane
permeability by increasing lipid packing and altering membrane
fluidity and rigidity (50). Poly(ethylene oxide)-b-poly(butadiene)
(PEO-b-PBD) diblock copolymers are similarly known to reduce
membrane permeability by increasing membrane viscosity, intro-
ducing steric barriers from the polyethylene glycol groups that as-
semble at the membrane interface, and increasing thickness and
chain entanglements within the hydrophobic portions of the mem-
brane (51, 52). In contrast, fatty acids such as oleic acid (OA) have
been shown to increase membrane permeability to ionic solutes by
incorporating single hydrocarbon chains that have a different shape
and amphipathicity than diacyl chains, reducing lipid chain packing
and enhancing fluidity of the bilayer (53, 54). Using this series of
amphiphilic molecules, we set out to assess the capacity of mem-
brane amphiphiles and the resulting membrane permeability to
modulate the performance of an encapsulated cell-free sensor.

To explore the effect of these amphiphiles on membrane perme-
ability to fluoride, we prepared vesicles with (i) pure POPC lipid, (ii)
POPC lipid + 10% OA, or (iii) POPC lipid + 10% PEO14-b-PBD22
diblock copolymer [molecular weight = 1.8 kDa; hereafter referred
to as 1.8k] components in the lipid/oil mixture, encapsulating cell-
free reactions as normal (Fig. 3E). We observed an increase in
overall GFP expression in both pure POPC lipid and POPC +
10% OA compositions compared to our original 2:1 cholesterol:-
POPC lipid composition (for 3 mM external fluoride; 2:1 cholester-
ol:POPC versus POPC, P < 0.0001; 2:1 cholesterol:POPC versus

POPC + 10% OA, P < 0.0001). These results are consistent with
the removal of cholesterol and the addition of OA, respectively,
both of which are expected to increase membrane permeability.
In addition, the inclusion of OA in vesicle membranes led to a re-
duction of sensor dynamic range, measured via a reduced concen-
tration dependence of GFP expression on NaF concentration,
consistent with our hypothesis of increased permeability to any
amount of external fluoride (10% OA + 1 mM NaF versus 10%
OA + 3 mM NaF, P > 0.9999; 10% OA + 1 mM NaF versus 10%
OA + 5 mM NaF, P = 0.8149). In contrast, vesicles containing
10% 1.8k diblock copolymer exhibited reduced responsiveness to
increasing external NaF, indicating reduced membrane permeabil-
ity. Mean POPC vesicle fluorescence peaked at 1 mM NaF, while
10% 1.8k diblock copolymer responses were maximum at 5 mM
NaF (table S2). All fluoride-containing conditions for samples con-
taining 10% OAwere statistically indistinguishable. Together, these
results indicate that exchanging membrane components to control
membrane permeability provides a handle to tune the sensitivity of
an encapsulated riboswitch to an analyte of interest. Furthermore,
the selection of highly permeable amphiphiles does not necessarily
improve sensor performance andmay instead increase overall signal
but limit sensor resolution. A balance between analyte access and
desired sensing behavior is likely an important consideration for en-
gineering encapsulated biosensing systems depending on the
desired application.

Encapsulation protects sensor components from
degradation
Having established that these vesicle sensors can detect external
fluoride, we next wanted to explore how they might function in
complex samples. One major benefit of membrane encapsulation
is the ability to leverage the semipermeable barrier formed by the
membrane to contain and protect encapsulated components. Cell-
free reactions, particularly those using riboswitches, are highly sen-
sitive to the presence of nucleases and proteases, which can degrade
sensor components before a target analyte is encountered (19).
Because of their large size, however, enzymes are unable to pass
through the vesicle membrane to access encapsulated reactants.

To determine whether the vesicle membrane can sufficiently
protect encapsulated reactions from external degradation, we
tested various vesicle assemblies in the presence of RNase A
(Fig. 4A). We observed that RNase completely eliminated the ribos-
witch response to NaF both under bulk conditions and when RNase
was coencapsulated with the cell-free reaction inside vesicles (Fig. 4,
B and C). In contrast, encapsulated sensors maintained the ability to
respond to externally added NaF when RNase was present in the
external sample (Fig. 4, D and E, and table S3). We noticed a de-
crease in mean GFP fluorescence at higher external NaF concentra-
tions—a trend that we did not observe in non–RNase-exposed
samples. We hypothesized that this difference was due to slightly
higher degrees of membrane permeability from the addition of
small amounts of glycerol in the RNase buffer (fig. S5), which
could cause increased reaction poisoning with high fluoride con-
centrations. In addition, glycerol has been demonstrated to
inhibit cell-free protein synthesis at high concentrations and may
be causing slight effects even at the low concentrations used here
(55). Nevertheless, all vesicle populations exhibited increased GFP
expression in the presence of fluoride, demonstrating simultaneous
permeation of fluoride into the vesicle interior and exclusion of
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RNase A from the cell-free reaction. These results indicate that en-
capsulation in bilayer membranes can sufficiently exclude RNase
from the reaction environment, thereby protecting the cell-free
sensor within a semipermeable compartment. The external addi-
tion of RNase A, demonstrated here, serves as a proof-of-concept
step toward cell-free detection in complex environments, such as
biological samples or highly contaminated environmental samples.

Vesicle-based sensors can incorporate a colorimetric
readout and detect fluoride in real-world samples
Last, we wondered whether we could extend these results to condi-
tions that would be more relevant for real-world environmental
sensing. Although fluorescence is a common readout for many bi-
ological assays, GFP fluorescence inside vesicles is difficult to
monitor with common equipment, particularly in nonlaboratory
settings. In addition, with our vesicle-based construct, GFP fluores-
cence was too low to measure in vesicle populations in bulk, neces-
sitating more sensitive microscopy analysis methods. To address
this limitation, we coupled fluoride detection to an alternative re-
porter enzyme, catechol (2,3)-dioxygenase (C23DO) (3). In this
system, the riboswitch ON state leads to the expression of
C23DO, which catalyzes the conversion of its colorless substrate,
catechol, to the yellow-colored 2-hydroxymuconate semialdehyde
to generate a colorimetric response (Fig. 5A). Under bulk condi-
tions, this construct exhibits a fast and robust response to fluoride,
and the colorimetric output generated is clearly distinguishable by
eye for both laboratory- and field-collected water samples (3).

To investigate whether this enzymatic reporter could function
within our sensor vesicles, we encapsulated cell-free reactions
with DNA coding for the riboswitch-C23DO construct and supple-
mented them with 1 mM catechol (Fig. 5A). We then titrated NaF

into the outer solution and monitored color changes in each popu-
lation of vesicles via changes in absorbance at 385 nm. In contrast to
our GFP-based readout, signal amplification from the enzyme-reg-
ulated construct allowed us to assess absorbance changes in an
entire population of vesicles rather than on a vesicle-by-vesicle
basis. RNase A was added to the outer vesicle solution to control
for any unencapsulated reactions caused by vesicle lysis and to
assess the membrane’s ability to protect encapsulated sensor com-
ponents. Sensor responses were significantly lower than those ob-
served in bulk without RNase (fig. S6); however, despite this
reduction in signal magnitude, sensors exhibited significantly in-
creased absorbance in response to increasing fluoride concentra-
tions (Fig. 5B). Vesicle sensors exhibited sensitivity to fluoride at
a range of concentrations; here, readout time is an important con-
sideration, as enzymatic signal amplification can lower the resolu-
tion of a dose response curve and even reduce overall signal at long
reaction times (fig. S6) (3). Sensor responses to fluoride reach stat-
istical significance at varying times depending on the external con-
centration of fluoride encountered (fig. S7). This variability in
response as a function of both time-to-detection and fluoride con-
centration can enable these sensors to serve as dose-responsive or
binary (yes/no) sensors depending on the time at which the re-
sponse is assessed (Fig. 5C and fig. S7). Sensors could detect fluoride
concentrations at levels consistent with the Environmental Protec-
tion Agency (EPA)’s maximum contaminant level for fluoride
(~0.21 mM fluoride) and secondary contaminant standard (~0.1
mM) within 3 and 5 hours, respectively (Fig. 5C and fig. S7) (56).
Responses were significant but noisy at 0.05 and 0.1 mM fluoride,
however, indicating that these sensors would be most useful for de-
tection of fluoride concentrations above the maximum contami-
nantt limit of 0.2 mM (Fig. 5C). By accounting for both the

Fig. 4. Encapsulation protects fromdegradation by RNase A. (A) Schematic of RNase-containing conditions. RNase A degrades the riboswitch (i) under bulk conditions
and (ii) when coencapsulated with reactants but is unable to reach reactants containedwithin vesicles (iii). (B) Riboswitch response to NaF under bulk conditions with and
without RNase A added to reaction. (C) Riboswitch activity as indicated by GFP/OA647 fluorescencewhen encapsulated with 3mMNaF compared to the coencapsulation
of both 3mMNaF and RNase A. (D) Response of encapsulated riboswitch to externally added NaFwith RNase A present in external solution. Black lines indicate mean and
SD. (E) Histogram of data in (D). Data are plotted with lowless curve fitting. ****P ≤ 0.0001; ns, P > 0.05; P values are generated using a one-way ANOVA and Tukey’s
multiple comparisons test.
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detection time and the final absorbance of these colorimetric vesicle
sensors, health-relevant concentrations of fluoride can ultimately be
detected in either a binary or a dose-dependent manner.

Last, we set out to test whether these sensors could be used to
monitor fluoride concentrations in real-world samples. We collect-
ed water samples from Lake Michigan and the Evanston, IL munic-
ipal tap water supply and used each sample to prepare the vesicle
outer solution supplemented with the small molecule components
of the reaction.We supplemented these outer solutions with either 0
or 3 mMNaF and RNase A, which removes sensor activity from any
ruptured vesicles, and added vesicles to the sample.We first assessed
the performance of encapsulated GFP sensors and observed in-
creased GFP expression in the presence of 3 mM NaF, with slightly
higher levels of GFP expression in both lake and tap water samples
compared to those incubated with laboratory-grade Milli-Q water
(fig. S8). We next assessed the performance of encapsulated
C23DO enzyme sensors and similarly observed increased colori-
metric outputs, measured via absorption at 385 nm, in all popula-
tions of enzyme-expressing vesicles incubated with 3 mM NaF
(Fig. 5D). We did not observe increases in absorbance in the
absence of supplemented fluoride, with the exception of municipal
tap water samples (fig. S6). Color changes were visible by eye in
tubes containing vesicles, and changes in color inside of individual
vesicles could be observed on the microscope when imaged through

the eyepiece (Fig. 5E). By incorporating a colorimetric detection
method as demonstrated here, these sensors could ultimately be
used to detect fluoride in samples containing inhospitable compo-
nents and in settings that prohibit the use of laboratory-based
equipment. The results observed here highlight the feasibility of
these vesicle-based sensors to detect environmentally relevant
small molecules in complex, real-world samples, a step toward en-
capsulation to generate deployable cell-free sensors.

DISCUSSION
To our knowledge, this work represents the first demonstrated func-
tion of a transcriptionally regulated riboswitch encapsulated in
bilayer vesicles. We have demonstrated that this encapsulated ribos-
witch can detect exogenous fluoride through permeability-based
sensing, generating both fluorescent and colorimetric outputs. In
addition, we have shown that membrane composition can serve
as an additional handle by which cell-free sensing reactions can
be modulated by altering permeability and therefore the sensor’s
access to an analyte of interest. Furthermore, we demonstrated
that encapsulation allows a cell-free sensor to outperform those in
bulk solution when the solution contains degradative enzymes that
inhibit sensor performance. Looking ahead toward sensor deploy-
ment, this work establishes that encapsulation within artificial cells

Fig. 5. Colorimetric sensors detect fluoride at environmentally relevant concentrations and in real-world samples. (A) Schematic of encapsulated enzymatic
readout. Riboswitch activation inside vesicles leads to the expression of C23DO, resulting in the production of a yellow product that is localized to the vesicle interior.
(B) Absorbance over time in populations of vesicles encapsulating a catecholase-based readout in response to external NaF. n = 2 technical replicates. (C) Absorbance as a
function of external NaF concentration at two time points; t = 2 and 5 hours since initiating vesicle exposure to fluoride. n = 2 technical replicates. (D) Changes in
absorbance over time inside of populations of vesicles incubated in samples derived from Milli-Q water, tap water, and lake water supplemented with either 0 or 3
mM NaF. n = 2 independent vesicle preparations. (E) Colorimetric changes in vesicles as viewed through a microscope eyepiece and by eye in Eppendorf tubes.
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can not only protect cell-free sensors from degradative sample com-
ponents but can also allow analyte detection in real-world samples.
Here, the encapsulation of a colorimetric reporter system allowed
detection of fluoride in both a dose-responsive and binary
manner at two EPA containment levels, even while in the presence
of degradative sample components. While cell-free sensors have
been previously used for the detection of environmental molecules
of interest (1–9), encapsulation of these systems in artificial cells
may ultimately diversify the contexts within which cell-free
sensors can operate.

Although encapsulation can provide powerful advantages to cell-
free sensing, it also brings some limitations. The variability ob-
served in the responses of individual GFP-expressing liposomes
within a vesicle population would likely serve as a hurdle for tech-
nological use of fluorescence-based sensors in future applications,
which may necessitate alternative vesicle assembly techniques, such
as microfluidics (42), and a better understanding of the underlying
biophysics of cell-free reactions inside membranes. In addition, en-
capsulation reduces the overall signal magnitude compared to bulk
reactions—a limitation that we show can be offset by the protection
encapsulation confers to the sensor—which could be improved by
loading higher amounts of sensor components. Finally, the reintro-
duction of a barrier between sample and sensor requires strategies to
transport specific analytes into the vesicle. To address these limita-
tions, future sensor development may require incorporation of al-
ternative expression systems and membrane components. While we
explored protein-based outputs here, riboswitch expression could
also be coupled to transcription-based reporting, such as
aptamer-dye outputs (3), to build a transcription-only sensor that
would require encapsulation of fewer reaction components relative
to sensors that encode translation-mediated outputs and which
should operate on quicker time scales. Membrane compositional
changes can enable permeability-based import for certain small an-
alytes, such as fluoride, with many natural and synthetic amphi-
philes to choose from. As we observed with the inclusion of OA
into vesicle membranes, enhanced permeability can also have neg-
ative effects on sensor performance by reducing the sensor dynamic
range. For this condition with OA, we hypothesize that this result
may be due not only to enhanced permeability of fluoride into ves-
icles at lower concentrations but also to the subsequent retention of
the ion in the vesicle upon interaction with the riboswitch and cell-
free components, ultimately leading to a similar GFP signal for all
the fluoride concentrations tested. Thus, not all amphiphiles that
improve membrane permeability to the analyte of interest will nec-
essarily improve sensor performance. Moving forward, we can gain
even finer control of analyte transport into and out of the vesicle by
incorporating transmembrane proteins to enhance sensing capabil-
ities and introduce more advanced sensing or responsive functions.
These strategies could ultimately allow new functions for these types
of sensors, including conjugation-based capture methods, deploy-
ment and transport of cell-free reactions, controlled sensor degra-
dation, or enhanced sensor biocompatibility (18).

The diversity of existing cell-free sensors could ultimately lead to
a new generation of artificial cell biosensors for a wide array of an-
alytes. With the modular nature and signal processing capabilities
of components in these systems, various vesicle-based sensors could
be engineered, which use membrane components, genetic circuits,
and triggered responses to detect small molecules of interest (30, 57,
58). As focus shifts toward sensor application, these platforms could

offer additional handles with which to tune sensor kinetics, stability,
and sensitivity to advance the types of contexts in which cell-free
sensing can operate, allowing for detection in environments such
as soil, groundwater, or biological samples. Finally, the incorpora-
tion of additional transcription-based cell-free systems, particularly
those using riboswitch-based sensing, may ultimately allow the de-
velopment of a family of encapsulated sensors that are fast, specific,
and deployable.

MATERIALS AND METHODS
Chemicals
POPC and cholesterol were purchased fromAvanti Polar Lipids Inc.
OA, glycerol, sucrose, glucose, HPTS, BioUltra Mineral Oil, phos-
phate-buffered saline (PBS), bovine serum albumin (BSA), and NaF
were purchased from MilliporeSigma. 1.8k PEO-b-PBD polymer
was purchased from Polymer Source. OA647, calcein dye, and
Hepes buffer were purchased from Thermo Fisher Scientific.
RNase A was purchased from New England Biolabs.

Plasmid construction
Plasmids were assembled using Gibson assembly (New England
Biolabs, catalog no. E2611S) and purified using a QIAGEN QIAfil-
ter Midiprep Kit (QIAGEN, catalog no. 12143). Coding sequences
of the plasmids consist of the crcB fluoride riboswitch from B.
cereus regulating either superfolder GFP (pJBL3752) or C23DO
(pJBL7025), all expressed under constitutive Anderson promoter
J23119. Plasmid sequences are available on Addgene with accession
numbers 128809 (pJBL3752) and 128810 (pJBL7025).

Cell-free reaction assembly
Cell-free extract and reactions were prepared according to estab-
lished protocols (3, 39). Briefly, cell-free reactions were assembled
by mixing cell extract, a reaction buffer containing the small mole-
cules required for transcription and translation (nucleoside triphos-
phates, amino acids, buffering salts, crowding agents, and an energy
source), and DNA templates and inducers at a ratio of approximate-
ly 30:30:40 (table S4). Sucrose was added to a final concentration of
200 mM to allow vesicle formation through the density-dependent
double emulsion technique. Each reaction was prepared on ice to
16.5 μl of final volume in batches of seven. Reactions were prepared
with 10 nM pJBL3752 (riboswitch-GFP plasmid) or pJBL7025 (ri-
boswitch-enzyme plasmid) + 1 mM catechol. Reaction master mix
was assembled and then added to DNA, inducers, sucrose, and
water to a final volume of 16.5 μl per reaction aliquot. For reactions
containing volume marker, reaction mix was supplemented with
1.4 μl of OA647. Preparation conditions were kept consistent
between reactions, only varying NaF concentration or omitting
DNA for extract-only controls.

Encapsulation of cell-free reactions
Encapsulated sensors were prepared via water-in-oil double emul-
sion methods. Lipid films were prepared by mixing amphiphiles
(lipid, cholesterol, fatty acid, or polymers) in chloroform to a final
amphiphile concentration of 25 mM at a volume of 200 μl. Films
were dried onto the side of a glass vial under nitrogen gas and
then placed in a vacuum oven overnight. A total of 200 μl of BioUl-
tra mineral oil was added to lipid films and heated at 80°C for
30 min, followed by 10 s of vortexing to incorporate amphiphiles
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into the oil. Lipid/oil mixtures were cooled to room temperature
and then placed on ice during cell-free reaction assembly. Cell-
free reactions were prepared on ice as described above. Reactions
were layered on top of lipid/oil mixture and then vortexed for
30 s to form an emulsion. Emulsions were incubated at 4°C for
5 min and then layered onto outer solution containing all small
molecules required for transcription and translation, 100 mM
Hepes buffer (pH 8), and 200 mM glucose, which is used to
create a density gradient with the encapsulated sucrose. Samples
were again incubated at 4°C for 5 min and then centrifuged for
15 min at 18,000 relative centrifugal force at 4°C to spin the
denser, sucrose-containing vesicles into a pellet. Vesicle pellets
were collected by pipette and placed into fresh Eppendorf tubes.
Prepared vesicles were then added in 10 μl of aliquots to 20 μl of
fresh outer solution supplemented with NaF, certain water
samples, and/or RNase A (final concentration, 5 μg/ml). Osmolar-
ity of NaF stock solution was adjusted to match that of the outer
solution by adding glucose to minimize osmotic effects on vesicles.

Cell-free protein expression
For bulk assays, unencapsulated reactions were prepared as de-
scribed above and added to 384-well plates. Protein expression
was monitored at 37°C in a SpectraMax i3x plate reader (Molecular
Devices). GFP was monitored at an excitation of 485 nm and an
emission of 510 nm. Catechol absorbance was monitored at 385 nm.

Encapsulated sensors with a colorimetric readout were moni-
tored at an absorbance of 385 nm using a SpectraMax i3x plate
reader at 37°C until expression reached a plateau, about 2.5 hours,
after which samples were removed from plates and placed into Ep-
pendorf tubes or microscopy chambers for imaging. Images of
tubes and through the microscope eyepiece were taken using an
iPhone 8. Absorbance measurements in the plate reader are report-
ed relative to initial absorbance to control for slight differences in
vesicle concentration between vesicle preparations.

Encapsulated sensors expressing GFP were incubated in outer
solution for 6 hours at 37°C and then imaged on a Nikon Ti2 invert-
ed microscope. Imaging chambers were blocked with BSA for
20 min and then triple rinsed with 766 mosM of PBS. Vesicles
were added to equiosmolar PBS and allowed to settle for 5 min
before imaging. Images were taken using differential interference
contrast, GFP (excitation, 470 nm; emission, 525 nm) and Cy 5.5
(excitation, 650 nm; emission, 720 nm) filters under ×10 magnifi-
cation, 20% laser intensity, and 1-s exposure. Images were analyzed
using Nikon NIS-Elements AR software Advanced Analysis tool
(44): Vesicles were selected using the OA647 channel. General anal-
ysis protocol was set with the following settings: preprocessing: local
contrast; size, 105; power, 50%; threshold minimum, 393; smooth,
1×; clean, 1×; size minimum, 2 μm; return mean, GFP; mean,
OA647; max, GFP.

Encapsulated dye assays
HPTS assay
Vesicles were prepared via thin film hydration with 33% cholesterol
and 66% POPC. Lipid and cholesterol in chloroform were dried
onto the side of a glass vial under nitrogen gas to form a lipid
film. Vesicle films were hydrated with Hepes + 0.5 mM HPTS dye
overnight at 60°C. Vesicles were extruded to 400 nm, purified via
size exclusion chromatography (SEC), and added to a 384-well
plate with equiosmolar Hepes buffer + varying concentrations of

NaCl and NaF. HPTS fluorescence was monitored with excitation
at 405 and 450 nm and emission at 510 nm, as characterized by Hil-
burger et al. (59). HPTS fluorescence is reported as the ratio of emis-
sion intensities when excited at 450 nm/405 nm.
Calcein assay
Vesicles were prepared via thin film hydration with 33% cholesterol
and 66% POPC. Lipid and cholesterol in chloroform were dried
onto the side of a glass vial under nitrogen gas to form a lipid
film. Vesicle films were hydrated with Hepes + 20 mM calcein
dye overnight at 60°C. Vesicles were extruded to 400 nm, purified
via SEC, and added to a 384-well plate with equiosmolar Hepes
buffer and increasing volumes of 0.02% glycerol solution or
RNase prepared in buffer to the same final glycerol concentration
(1.25 μl corresponds to the concentration used for manuscript
studies). Vesicles were incubated for 4 hours at 37°C, and calcein
fluorescence was measured (excitation, 495 nm; emission, 515
nm). Vesicles were lysed with 1 μl of 10% Triton X-100, and total
calcein fluorescence was measured to determine fraction release.

Statistical analysis
All graphing and statistical analysis were conducted in GraphPad
Prism (60). Populations of vesicles were analyzed using one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons
test or two-way ANOVA and Dunnett’s multiple comparisons test
and descriptive statistics. Significance is reported as follows: nonsig-
nificant (ns), P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001;
****P ≤ 0.0001. Symbols and error bars on line plots represent
mean and SD, respectively.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S4

View/request a protocol for this paper from Bio-protocol.
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