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Abstract: Precisely determining the intracellular concentra-
tions of metabolites and signaling molecules is critical in
studying cell biology. Fluorogenic RNA-based sensors have
emerged to detect various targets in living cells. However, it is
still challenging to apply these genetically encoded sensors to
quantify the cellular concentrations and distributions of targets.
Herein, using a pair of orthogonal fluorogenic RNA aptamers,
DNB and Broccoli, we engineered a modular sensor system to
apply the DNB-to-Broccoli fluorescence ratio to quantify the
cell-to-cell variations of target concentrations. These ratiomet-
ric sensors can be broadly applied for live-cell imaging and
quantification of metabolites, signaling molecules, and other
synthetic compounds.

Fluorescent probes that allow live-cell imaging of small
molecules have enabled us to better understand cellular
signaling and metabolite flux. Various fluorescent small-
molecule probes and genetically encoded fluorescent protein
(FP)-based sensors have been developed to image metabo-
lites and signaling molecules.[1] The function of FP sensors
requires a target-binding domain that can both selectively
recognize the target and result in sufficient conformational
change to refold the FP or change the orientation between
two FPs.[2] However, for many physiologically important
analytes, these adequate target-binding domains are not
easily identified. The limited signal-to-noise ratio has further
prevented their wide applications.[3]

We and others have developed a new class of genetically
encoded sensors based on fluorogenic RNA aptamers.[4]

Aptamers are short single-stranded oligonucleotides that
can bind to their targets with high affinity and specificity.[5]

Fluorogenic RNA aptamers, for example, Spinach or Broc-
coli, can bind and activate the fluorescence of dyes such as
3,5-difluoro-4-hydroxybenzylidene-1-trifluoroethyl-imidazo-
linone (DFHBI-1T).[6] By fusing a target-binding aptamer
into Spinach/Broccoli, genetically encoded RNA-based sen-
sors have been developed for live-cell imaging of metabolites,
signaling molecules, proteins, and metal ions.[4,7]

Almost all these fluorogenic RNA sensors were devel-
oped based on a Spinach/Broccoli-dye complex (lex/lem,
approximately 480 nm/ 503 nm). With a single-wavelength

readout, artifacts can easily arise from variations in the
cellular RNA distributions. For quantitative and multiplexed
imaging of cellular analytes,[8] it is critical to develop new
RNA sensor pairs that have little spectra overlap and that can
be orthogonally imaged.

Here, we develop ratiometric RNA sensors to quantify
the cellular concentrations and distributions of small mole-
cules. The sensor comprises Broccoli and a dinitroaniline
(DN)-binding aptamer, DNB.[6b, 9] We have engineered novel
red-colored RNA sensors by fusing target-binding aptamers
into DNB. Using Broccoli as the reference, we can quantita-
tively image various small molecules in living cells.

We first wondered if it is possible to develop DNB-based
metabolite sensors. Dinitroaniline is a general contact
quencher for fluorophores including sulforhodamine B
(SR). The conjugation of DN and SR generates a non-
fluorescent complex, SR-DN. The binding of DNB isolates
DN, which activates the SR fluorescence.[9] After analyzing
the DNB structure, we realized that its P4/L4 hairpin could be
potentially used to fuse with target-binding aptamers (Fig-
ure 1a).[9] We replaced this domain with three sequences that
maintained a similar hairpin structure (Supporting Informa-
tion, Figure S1). Similar to DNB (83.1-fold), all three
mutations activated the SR-DN fluorescence (62.8- to 80.4-
fold). In contrast, RNA with a mismatched P4 stem com-
pletely lost its binding with SR-DN (Supporting Information,
Figure S1). Indeed, DNB functions depend on the structure,
but not the sequence, of P4/L4.

We inserted an adenine-binding aptamer[10] into P4/L4
(Figure 1a). In silico structural predication guided our design
of five adenine-targeting sensors with different transducer
sequences. An optimal sensor (Transducer 2, Supporting
Information, Table S1) exhibited a 3.6-fold fluorescence
enhancement in the presence of 10 mm adenine (Figure 1 b).
Similarly, we developed DNB-based sensors for an antibiotic,
tetracycline, and a signaling molecule, c-di-GMP.[4d,11] A 1.5-
to 11.9-fold fluorescence increase was observed after adding
200 mm tetracycline (Figure 1b). Interestingly, the optimal
transducer sequence, Transducer 3, has been previously used
in a ribozyme-based tetracycline sensor.[11a] An optimal sensor
for c-di-GMP was achieved with a 10.6-fold fluorescence
enhancement after adding 10 mm c-di-GMP. Transducer 1,
whose sequence was previously used in a Spinach-based
sensor c-di-GMP,[4d] also exhibited similar fold enhancement
(Figure 1b). Previously identified transducers may be directly
applicable in these modular DNB-based sensors.

These sensors also preserve the high selectivity towards
their targets (Figure 1 c). After demonstrating the robust
sensor performance under different temperature and Mg2+
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ion conditions (Supporting Information, Figure S2), we
further studied their dynamic ranges (Figure 1d). The half-
maximal fluorescence was reached after adding 5.9 mm

adenine, 0.8 mm c-di-GMP, or 196 mm tetracycline. By defining
the dynamic range as targets that induced 10–90 % of
maximum fluorescence, 1.0–40 mm adenine, 0.1–20 mm c-di-
GMP, and 85–880 mm tetracycline could be detected. Indeed,
these sensors could be potentially used to detect adenine
(approximately 0.5–5 mm) and c-di-GMP (approximately
0.05–10 mm) in their physiological concentration ranges.[4d,12]

The minimum antibacterial concentration of tetracycline is
approximately 300 mm,[13] which is also suitable for detection
with these DNB-based sensors.

We next asked if it is possible to use an RNA strand
containing Broccoli (lex/lem, 480 nm/ 503 nm) and DNB (lex/
lem, 571 nm/ 591 nm) to develop ratiometric sensors. To
facilitate the proper folding of each aptamer, we inserted
DNB and Broccoli into two arms of an F30 scaffold[14]

(Figure 2a). After adding DFHBI-1T and SR-DN, both
Broccoli/DFHBI-1T and DNB/SR-DN fluorescence could
be easily detected and distinguished from each other (Sup-
porting Information, Figure S3a,b). Thus, Broccoli and DNB
can be used as an orthogonal fluorescent pair.

We wondered if ratiometric sensors (termed D/B) could
be developed by conjugating DNB-based sensor with a Broc-
coli reference (Figure 2a). Indeed, a linear correlation was
observed between the Broccoli fluorescence and RNA
concentration (Supporting Information, Figure S3 c). As
expected, the Broccoli signal of D/B sensors remained
constant after adding various amounts of targets, while the
DNB fluorescence can be used to detect target concentrations
(Figure 2b). Half-maximal fluorescence was reached with
122 mm tetracycline or 0.95 mm c-di-GMP, and a linear detec-
tion range of 1–250 mm and 0.2–2.5 mm was observed, respec-
tively (Figure 2b). These D/B sensors still retained high
selectivity towards the targets (Supporting Information, Fig-
ure S3 f).

Alternative B/D sensors could be developed using a DNB
reference and a Broccoli-based sensor (Supporting Informa-
tion, Figure S4 a). We first engineered a previously reported
Broccoli-based c-di-GMP sensor[6b] into a ratiometric sensor.
After adding different amounts of c-di-GMP, the DNB
fluorescence was not influenced, while the Broccoli fluores-
cence was linearly correlated with c-di-GMP (Supporting
Information, Figure S4c). Similarly, we developed another
ratiometric B/D sensor for tetracycline. Using the same
Transducer 3 from the DNB-based tetracycline sensor (Fig-

Figure 1. Design and in vitro characterization of DNB-based sensors.
a) Schematic of DNB-based sensors, which comprise a target-binding
aptamer (blue), a transducer (dashed gray), and DNB. Target binding
induces the folding of transducer and DNB to activate the fluorescence
of sulforhodamine B (SR). b) Optimization of transducers for DNB-
based adenine, tetracycline, and c-di-GMP sensors. Fluorescence was
measured with 5 mm RNA and 0.5 mm SR-DN at lex = 571 nm and
lem = 591 nm after incubating with 10 mm adenine, 200 mm tetracycline,
or 10 mm c-di-GMP. c) Selectivity was measured in the presence of
10 mm, 1 mm, and 100 mm of the indicated compounds for adenine,
tetracycline, and c-di-GMP sensors, respectively. d) Dose-response
curve for fluorescence detection of targets by the optimal sensors.
Shown are mean and SEM values of three independent replicates.

Figure 2. Design and in vitro characterization of ratiometric sensors.
a) Schematic of the sensor that comprises an F30 scaffold (black),
a Broccoli (green), and a DNB-based sensor. Target binding to the
aptamer (blue) stabilizes the transducer duplex (gray), enabling DNB
(red) to fold and activate the fluorescence of sulforhodamine B.
b) Dose-response curves of the optimal ratiometric tetracycline and c-
di-GMP sensors. Fluorescence was measured with 5 mm RNA and
0.5 mm SR-DN. c) Dose-response curves as measured at varying
concentrations of RNA and 0.5 mm SR-DN. R/G ratio indicated the
fluorescence ratio as measured at lex/lem, 571 nm/ 591 nm (R) vs. that
at lex/yem, 480 nm/ 503 nm (G). Shown are mean and SEM values of
three independent replicates.
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ure 1b), an optimal B/D sensor selectively responded to
tetracycline with a linear detection range of 10–400 mm

(Supporting Information, Figure S4 d). Thus, using a DNB
reference, we can potentially convert existing Broccoli-based
sensors into sensors for ratiometric analysis.

We next asked if DNB and Broccoli fluorescence could be
orthogonally imaged in living cells. We synthesized three
plasmids expressing either F30-Broccoli, F30-DNB or both
aptamers (F30-DNB/Broccoli) (Supporting Information, Fig-
ure S5). After transforming into Escherichia coli, the cellular
fluorescence was imaged in the presence of DFHBI-1T and
SR-DN. The Broccoli and DNB fluorescence could be clearly
visualized in two separate channels without influencing each
other (Figure 3a).

We further analyzed individual cells that express F30-
DNB/Broccoli, and, a linear correlation of Broccoli and DNB
fluorescence was observed (Figure 3b). After comparing the
cellular distributions of DNB fluorescence with that of DNB/
Broccoli ratio (Figure 3c), indeed, a largely symmetric
Gaussian distribution was shown only after ratiometric
normalization. This is one demonstration of the importance
of ratiometric imaging. We have further used real-time PCR
to quantify the cellular F30-DNB/Broccoli RNA levels after
different times of IPTG induction (Supporting Information,
Figure S6). The cellular DNB-to-Broccoli fluorescence ratio
is independent of RNA levels. The cellular fluorescence in
both Broccoli and DNB channels were linearly correlated
with the aptamer concentrations (Supporting Information,
Figure S6). We can use either Broccoli or DNB as the
reference to normalize sensor expression levels.

We next asked if we could apply D/B sensors to image and
determine target levels in living cells. We first chose
tetracycline-targeting Tc-D/B as an example. After adding
40–1000 mm tetracycline, target-dependent activation of DNB
fluorescence was observed, while the Broccoli fluorescence

remained at a constant level (Figure 4a). Our in vitro data
indicated that independent of RNA concentration, the DNB-
to-Broccoli fluorescence ratio could be directly correlated
with target concentration (Figure 2c). A linear detection
range of 70–750 mm for tetracycline and 0.3–10 mm for c-di-
GMP was observed.

We analyzed 300 individual cells at each tetracycline
concentration (Figure 4a,b). On average a 1.6-fold, 2.7-fold,
and 3.3-fold increase in the DNB-to-Broccoli fluorescence
ratio was observed after adding 250, 500, and 1000 mm

tetracycline, respectively (Figure 4b). Based on the calibra-
tion curve, these fluorescence ratios were correlated with 200,
340, and 470 mm cellular tetracycline, respectively (Figure 2c).
The lower intracellular than extracellular tetracycline con-
centration is likely due to the reduced cell membrane
permeability or the activation of efflux pumps.[15] We have
further applied an HPLC assay[16] to validate the determined
tetracycline concentrations (Supporting Information, Fig-
ure S7). Indeed, the determined values from the HPLC
assay and fluorescence imaging matched each other well
(Figure 4d).

We wondered if cellular tetracycline levels can be
accurately determined by only measuring the DNB fluores-
cence. Based on the corresponding dose-responsive curve
(Supporting Information, Figure S8) and Pearson correlation

Figure 3. Orthogonal live-cell imaging of DNB and Broccoli. a) Fluores-
cence imaging of BL21 (DE3)* cells expressing F30-Broccoli, F30-DNB,
or F30-DNB/Broccoli in the presence of 200 mm DFHBI-1T and 1 mm

SR-DN. Scale bar, 10 mm. b) A linear correlation between DNB and
Broccoli fluorescence in 150 cells expressing F30-DNB/Broccoli. Pear-
son’s r2 = 0.8. c) After analyzing 150 individual F30-DNB/Broccoli
expressing cells, the distribution of DNB fluorescence levels was
compared to that of DNB/Broccoli ratio.

Figure 4. Intracellular imaging of tetracycline. a) Fluorescence imaging
of BL21 (DE3)* cells expressing Tc-D/B after 70 min incubation with
0–1000 mm tetracycline. Scale bar, 10 mm. According to the DNB-to-
Broccoli fluorescence (R/G) ratio of 300 individual cells from three
experimental replicates, a distribution curve was generated. b) In vitro
and cellular dose-response curves of Tc-D/B based on the mean and
SEM DNB-to-Broccoli fluorescence ratio. c) Cellular distribution of
tetracycline after adding 1 mm tetracycline. Individual cells were
binned according to tetracycline concentration. The percentage of cells
in each bin was plotted. d) Validation of the determined cellular
tetracycline levels with an HPLC assay after adding 250, 500, and
1000 mm tetracycline. The tetracycline levels were determined based on
either DNB fluorescence only (red) or DNB-to-Broccoli fluorescence
ratio (blue).
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coefficient (Supporting Information, Figure S9), the deter-
mined tetracycline levels with DNB-only images were quite
different to those from ratiometric images. By comparing with
the HPLC results (Figure 4d), ratiometric images quantified
tetracycline levels with obvious higher accuracy, especially at
high concentrations.

We further analyzed the cellular distributions of tetracy-
cline. After adding 1 mm tetracycline, 18 %, 50 %, and 32 % of
cells accumulated high (greater than 650 mm), medium (300–
650 mm), and low (less than 300 mm) levels of tetracycline
(Figure 4c). To test if the cellular tetracycline accumulation is
directly correlated with cell death, we used a Sytox Blue (SB)
dye to stain the dead/dying cells (Supporting Information,
Figure S10). The percentage of SB-stained cells increased
from almost zero in the absence of tetracycline to 9.7%, 16 %,
and 30 % after 2 h incubation with 40, 500, and 1000 mm

tetracycline, respectively. SB-stained cells (90.3 %) also
exhibited high levels of tetracycline. Indeed, the intracellular
accumulation of tetracycline is highly correlated with reduced
cellular survival.

We further applied the c-di-GMP-targeting CDG-D/B
sensor to image cellular c-di-GMP. It is known that the
diguanylate cyclase GGDEF domain can be used to catalyze
the synthesis of c-di-GMP.[17] Indeed, without GGDEF
expression, the cellular DNB fluorescence was relatively
low: 25.9%, 46.3 %, and 27.8 % of cells exhibited low (less
than 0.2 mm), medium (0.2–10 mm), and high (greater than
10 mm) c-di-GMP levels (Figure 5 a,c). After expressing
GGDEF, bright DNB fluorescence was observed (Figure 5a),
with 97.9 % of cells exhibiting a high level (greater than
10 mm) of c-di-GMP (Figure 5b). Again, an HPLC assay[18]

was used to validate the determined c-di-GMP concentrations
(Supporting Information, Figure S11). After 1 h or 1.5 h
IPTG induction, the calculated c-di-GMP level based on the
cellular DNB-to-Broccoli fluorescence ratio was 13 mm and
7.3 mm, respectively. Quite similarly, the c-di-GMP level as
determined in the HPLC assay was 11 mm and 7.1 mm,

respectively, in these two conditions. While if only using
DNB fluorescence for the calculation, a large variation from

the HPLC results was observed, i.e., 20 mm and 16 mm,
respectively (Supporting Information, Table S2). Indeed, D/
B sensors could be used to quantify the cellular levels and
distributions of signaling molecules.

In conclusion, we have developed ratiometric RNA-based
sensors that can be modularly adapted to quantify various
analyte levels in individual cells. Independent of RNA
expression level, the cellular DNB-to-Broccoli fluorescence
ratio can be used to quantify target concentrations. For the
first time, red-colored fluorogenic RNA-based sensors have
been developed for imaging small molecules. These new
powerful genetically encoded sensors can be broadly applied
for intracellular imaging of small molecules.
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Genetically Encoded Ratiometric RNA-
Based Sensors for Quantitative Imaging
of Small Molecules in Living Cells

Ratiometric fluorogenic RNA-based sen-
sors were developed to quantify metabo-
lites and signaling molecules in living
cells. Novel red-colored RNA-based sen-

sors were engineered. These RNA-based
sensors can be genetically encoded and
engineered into versatile probes for
a wide range of cellular targets.
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