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ABSTRACT: Imaging the cellular dynamics of metabolites and signaling molecules is
critical for understanding various metabolism and signal transduction pathways.
Genetically encoded RNA-based sensors are emerging powerful tools for this purpose.
However, it was challenging to use these sensors to precisely determine the
intracellular concentrations of target analytes. To solve this problem, we have recently
developed ratiometric sensors using an orthogonal pair of RNA/fluorophore
conjugates: Broccoli/DFHBI-1T (3,5-difluoro-4-hydroxybenzylidene-1-trifluoroethyl-
imidazolinone) and DNB (dinitroaniline-binding aptamer)/SR-DN (sulforhodamine
B-dinitroaniline). The cellular DNB-to-Broccoli fluorescence intensity ratio can be
directly applied to quantify the target concentrations at the single-cell level.
Unfortunately, due to the instability of the SR-DN dye, this ratiometric sensor is
difficult to use for monitoring target dynamics. Herein, by replacing SR-DN with a
stable TMR (tetramethylrhodamine)-DN dye, we developed a ratiometric sensor
system based on Broccoli/DFHBI-1T and DNB/TMR-DN, which can be used for dynamic imaging in living cells. We believe these
advanced genetically encoded ratiometric sensors can be widely used for intracellular studies of various target analytes.
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■ INTRODUCTION

Direct in situ detection of metabolites and signaling molecules
is crucial for understanding various cellular functions and their
molecular mechanisms. Fluorescent probes are particularly
useful tools for this purpose.1−4 These probes can be used to
image the dynamics and distributions of various target analytes
in living cells. For example, several fluorescent protein (FP)
based genetically encoded sensors have been developed.5,6

Unlike synthetic fluorescent probes, these genetically encoded
sensors can be directly expressed intracellularly and have low
toxicity to cells. A protein- or peptide-based target-binding
domain is normally required for the function of these FP-based
sensors. These domains should specifically bind with the target
analytes and meanwhile undergo a large conformational
change upon the target binding.7,8 Unfortunately, the number
of available target-binding domains is still limited. Moreover,
the poor sensitivity and detection range further hinder the
wide applications of these FP sensors for many target
analytes.9,10

We and others have developed another type of genetically
encoded sensor based on fluorogenic RNA aptamers.11−17

These RNA-based sensors have been applied for the live-cell
imaging of various RNAs, proteins, small molecules, and metal
ions.11,14,18−20 RNA aptamers are short single-stranded
ribonucleic acids that can fold into specific structures and
bind the target analytes with high specificity and affinity.21,22

Fluorogenic RNA aptamers, such as Spinach or Broccoli, can
bind and activate the fluorescence of cell membrane permeable
dyes, such as 3,5-difluoro-4-hydroxybenzylidene-1-trifluoro-
ethyl-imidazolinone (DFHBI-1T).23,24 DFHBI-1T exhibits
undetectable fluorescence by itself, but a much higher
fluorescence signal is achieved upon binding with Spinach or
Broccoli.
Most fluorogenic RNA-based sensors to date are developed

based on imaging signals from a single channel. However,
considering the cellular variations in the RNA expression and
degradation levels, these single-channel sensors are difficult for
the accurate quantification of the cellular concentrations and
distributions of target analytes. To solve this problem, we have
recently developed a type of ratiometric RNA-based sensors
using an orthogonal pair of RNA/fluorophore conjugates,
Broccoli/DFHBI-1T (λex/λem, ∼480/503 nm) and DNB/SR-
DN (λex/λem, ∼571/591 nm).25 The DNB aptamer can
specifically bind with a quencher moiety, dinitroaniline
(DN). DN is an efficient contact quencher for a variety of
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fluorophores such as sulforhodamine B (SR) and tetrame-
thylrhodamine (TMR).26 By chemically conjugating SR with
DN, the formed SR-DN conjugate exhibits efficient fluo-
rescence quenching. Meanwhile, the physical separation of SR
and DN through binding with the DNB aptamer could
effectively recover the SR fluorescence (Figures S1 and S2).26

In our previous study, we demonstrated the use of Broccoli/
DFHBI-1T and DNB/SR-DN-based ratiometric sensors to
quantify the intracellular concentrations and distributions of
target analytes.25 However, we realized that this sensor system
may not be suitable for real-time monitoring of the dynamic
changes of target cellular levels. The fluorescence intensity of
the DNB/SR-DN complex somehow decreased over time,
while the Broccoli/DFHBI-1T signal was quite stable within
the same time period (Figure S3). As a result, it is difficult to
distinguish fluorescence signal change induced by the target
analytes from that by the intrinsic instabilities of DNB/SR-DN.
An orthogonal pair of chemically and photophysically stable
RNA/fluorophore complexes are thus still needed for imaging
and quantifying the cellular dynamics of target analytes.
Here, we demonstrated that by simply replacing SR-DN

with TMR-DN, a stable Broccoli/DFHBI-1T and DNB/TMR-
DN-based ratiometric sensor system can be used to quantify
the cellular distributions and monitor the dynamics of target
small molecules. We believe these novel genetically encoded
sensors can be widely applied for the live-cell imaging and
quantification of various cellular targets.

■ EXPERIMENTAL SECTION
Reagents. All the chemicals were purchased from Sigma or Fisher

Scientific unless otherwise noted. C-di-GMP, c-di-AMP, and cGAMP
were ordered from Axxora, LLC. Commercial reagents were used
without further purification. All the DNA oligonucleotides were
synthesized by W. M. Keck Oligonucleotide Synthesis Facility (Yale
University School of Medicine) or Integrated DNA Technologies
(Coralville, IA).
Instrumentation. Double-stranded DNA strands for in vitro

transcription were prepared by PCR amplification using an Eppendorf
Mastercycler. NanoDrop One UV−vis spectrophotometer was used
to quantify the concentration of nucleic acids. All the in vitro
fluorescence tests were conducted with a PTI fluorimeter (Horiba,

New Jersey, NJ). All the intracellular images were taken by a
Yokogawa spinning disk confocal on a Nikon Eclipse-TI inverted
microscope.

Synthesis of the Tetramethylrhodamine-PEG3-Dinitro-
aniline (TMR-DN) Conjugate. TMR-DN was synthesized following
a previously reported procedure.26 Briefly, a 100 μL DMF solution of
DN-PEG3-amine (3.6 mg, 11.4 μmol) was added to a 100 μL DMF
solution of 5-carboxy tetramethylrhodamine N-succinimidyl ester (2.0
mg, 3.8 μmol). The reaction mixture was stirred at room temperature
for 30 min. The reaction mixture was purified through a reversed-
phase C18 column (60% acetonitrile, 0.1% trifluoracetic acid) and
yielded TMR-DN (1.5 mg, 55% yield) (Figure S4a). High-resolution
ESI (positive): calculated 727.2722, found 727.5 for C37H39N6O10
(Figure S4b).

In Vitro Transcription of the RNA Sensors. All the purchased
DNA oligonucleotides were dissolved in 10 mM Tris-HCl, 0.1 mM
EDTA at pH= 7.5 and stored at −20 °C. A Phusion high-fidelity
DNA polymerase (Thermo Fisher, Waltham, MA) was used to
perform PCR reactions in an Eppendorf Mastercycler. The PCR
product was purified by a QIAquick PCR purification kit (Qiagen,
Germantown, MD). All the RNAs were transcribed using a HiScribe
T7 high yield RNA synthesis kit (New England BioLabs, Ipswich,
MA) and were treated with DNase I (RNase-free) (New England
BioLabs) to remove the DNA fragments and then were column-
purified. The final RNA products were further validated in 10%
denaturing polyacrylamide gels.

Fluorescence Assays. The in vitro transcribed RNAs and target
analytes were incubated in a buffer consisting of 40 mM Tris, 5 mM
MgCl2, and 100 mM KCl at pH = 7.6 prior to the fluorescence
detection. For the green channel (Broccoli), emission spectra of 495−
530 nm were collected by exciting at 480 nm. For the red channel
(DNB), emission spectra of 585−620 nm or 575−610 nm were
collected by exciting at 571 nm (SR-DN) or 555 nm (TMR-DN),
respectively. All the data were plotted and analyzed using an Origin
software.

Cellular Imaging and Data Analysis. The construction of
vectors used in this study has been described previously.25 Cellular
imaging was conducted based on a previously established protocol.27

Briefly, BL21 (DE3)* E. coli cells were grown in LB media at 37 °C,
200 rpm until the optical density at 600 nm reaching 0.4−0.5 and
then 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added
to induce the T7 RNA polymerase synthesis for 1−3 h. Cells were
then pelleted and resuspended in a DPBS buffer followed by attaching
on a glass surface pretreated with poly-L-lysine. The Broccoli channel,

Figure 1. (a) Fluorescence of TMR-DN recovered by the addition of F30-DNB/Broccoli (FDB). In vitro fluorescence assay was conducted using
0.5 μM of TMR-DN in the presence or absence of 10 μM of F30-DNB/Broccoli. (b, c) Fluorescence spectra as measured with 20 μM DFHBI-1T,
10 μM TMR-DN, and 10 μM each RNA construct by exciting at 480 (b) or 555 nm (c). (d) Linear correlation observed between DNB and
Broccoli fluorescence in ∼150 individual cells expressing F30-DNB/Broccoli. Pearson’s r2 = 0.95. (e) Fluorescence imaging of BL21 (DE3)* cells
expressing F30-Broccoli, F30-DNB, or F30-DNB/Broccoli in the presence of 200 μΜ DFHBI-1T and 0.5 μM TMR-DN. DNB-to-Broccoli (R/G)
ratiometric images were shown as well. Scale bar, 10 μm.
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DNB sensor channel, and Sytox Blue channel were excited with 488,
561, and 405 nm lasers, respectively, through a 100× oil immersion
objective. Data analysis was performed with a NiS-Elements AR
Analysis software and an ImageJ software. Data calculation and fitting
was done using an Origin software.

■ RESULTS AND DISCUSSION

Orthogonal DNB/TMR-DN and Broccoli/DFHBI-1T
Conjugates for Potential Ratiometric Imaging. Based
on some previous reports,26,28 the TMR dye can be efficiently
quenched by the conjugated DN and the further binding of a
DNB aptamer to DN will recover the fluorescence of TMR.
We asked if the DNB/TMR-DN conjugate can be used for
developing ratiometric sensors. We first synthesized a TMR-
DN conjugate following a previously established protocol.26

To test if TMR-DN can be directly used in our previously
developed RNA sensor constructs, we in vitro transcribed an
F30-DNB/Broccoli RNA strand (Table S1). This strand
contains both a DNB aptamer and a Broccoli aptamer,
which are linked by an F30 scaffold. After incubating F30-
DNB/Broccoli with TMR-DN, a 42.3-fold fluorescence
activation was observed (Figure 1a). Importantly, such a
fluorescence signal was quite stable. For example, during a 1.5
h observation time, the RNA/TMR-DN conjugate exhibited
almost no fluorescence decrease (Figure S3b), while at the
same time, the fluorescence signal of SR-DN-based conjugate
was quenched by ∼70% (Figure S3a). The DNB/TMR-DN
conjugate could be potentially a better choice than DNB/SR-
DN for monitoring the dynamic variations of target analytes.
We next asked if the Broccoli/DFHBI-1T (λex/λem, 480/503

nm) and DNB/TMR-DN (λex/λem, 555/582 nm) conjugates
can be used as an orthogonal fluorescent pair. Such
orthogonality, i.e., the fluorescence signals of two RNA/
fluorophore conjugates do not affect each other, is critical for
the ratiometric quantification. Here, we prepared another two
RNA strands containing either a DNB (F30-DNB) or a
Broccoli aptamer (F30-Broccoli) within an F30 scaffold (Table
S1). Interestingly, some Förster resonance energy transfer
(FRET) may occur between Broccoli/DFHBI-1T and DNB/
TMR-DN (Figure 1b and c). Nevertheless, these two RNA/
fluorophore conjugates can still provide orthogonal fluorescent
signals for the potential development of ratiometric sensors. In
the presence of both DFHBI-1T and TMR-DN, the Broccoli/

DFHBI-1T and DNB/TMR-DN fluorescence could be clearly
distinguished from each other, while the DNB/DFHBI-1T and
Broccoli/TMR-DN conjugate exhibited minimal fluorescence.
We next wanted to see if DNB/TMR-DN and Broccoli/

DFHBI-1T can be orthogonally imaged in the living cells. To
test this, we constructed three plasmids expressing either only
one type of fluorogenic RNA (F30-Broccoli and F30-DNB) or
both aptamers (F30-DNB/Broccoli). After transforming into
BL21 (DE3)* E. coli cells, the expression of fluorogenic RNAs
was induced by adding 1 mM isopropyl β-D-1-thiogalactopyr-
anoside (IPTG). After 3 h IPTG induction, in the presence of
both DFHBI-1T and TMR-DN, the cellular fluorescence was
determined using a spinning disk confocal fluorescence
microscope. As shown in Figure 1e, the Broccoli and DNB
fluorescence could be clearly visualized in two separate imaging
channels. The fluorescence activation of both Broccoli/
DFHBI-1T and DNB/TMR-DN complex was not influenced
by the existence of the other RNA/fluorophore complex in the
cells. DNB/TMR-DN and Broccoli/DFHBI-1T can function
as an orthogonal fluorescent pair for live-cell imaging.
Using F30-DNB/Broccoli-expressing E. coli cells, we further

quantified the correlations between the cellular fluorescence of
DNB/TMR-DN and Broccoli/DFHBI-1T. After analyzing
∼150 individual cells, a linear correlation was observed
between two imaging channels (Figure 1d). In addition, the
cellular fluorescence signals of both RNA/fluorophore
conjugates were linearly correlated with the RNA expression
levels (Figure S5). After subtracting the cellular background,
the DNB-to-Broccoli fluorescence ratio is independent of the
cellular RNA expression levels. Even though there are obvious
cell-to-cell variations in the RNA expression levels (Figure 1d),
we can use either Broccoli or DNB fluorescence to determine
the RNA aptamer concentrations in each individual cell. As a
result, the DNB/TMR-DN and Broccoli/DFHBI-1T conjugate
pair can be used for cellular quantifications.
We next tested if this conjugate pair can be applied for the

kinetic measurement using these F30-DNB/Broccoli-express-
ing BL21 (DE3)* E. coli cells. After adding TMR-DN and
DFHBI-1T, the fluorescence signals from both DNB and
Broccoli imaging channels were monitored for 4 h (Figure 2a).
During this period of time, both DNB/TMR-DN and
Broccoli/DFHBI-1T fluorescence were maintained at high
levels. Even though the fluorescence signals from both

Figure 2. (a) Confocal fluorescence imaging of E. coli cells expressing F30-DNB/Broccoli after the addition of 200 μM DFHBI-1T and 0.1 μM
TMR-DN. The Broccoli channel (green), DNB channel (red), and ratiometric images were shown. After 1 h incubation, some fluorescence signal
decrease in both DNB and Broccoli channels were likely due to the RNA degradation. Scale bar: 10 μm. (b) We analyzed 250 cells from three
experimental replicates at each time point as that shown in panel a. The DNB-to-Broccoli fluorescence ratio (R/G) remained at the same level
within the 4 h imaging time. Shown are mean and SEM values.
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channels were decreased after 1 h, the DNB-to-Broccoli
fluorescence ratio remained constant (Figure 2). As a result,
such decrease in the cellular fluorescence was due to the RNA
degradation, rather than the instability of the DNB/TMR-DN
conjugate. This result is quite different from that observed with
the unstable DNB/SR-DN conjugate (Figure S3c). By
replacing SR-DN with TMR-DN, the orthogonal and stable
DNB/TMR-DN and Broccoli/DFHBI-1T conjugate pair can
be used for kinetic imaging in the living cells.

Design and In Vitro Characterization of RNA-Based
Ratiometric Sensors. To develop TMR-DN-based ratio-
metric sensors for detecting target analytes, we wondered if we
could directly use our previously optimized F30-DNB/
Broccoli-based RNA strands (Table S1). In this sensor
construct, a target-binding aptamer was fused into DNB
through a transducer domain (Figure 3a). The binding of
target analytes will induce the folding of DNB and activate the
TMR-DN fluorescence. Broccoli was used as a reference to
normalize the cellular expression levels of the RNA sensors. As

Figure 3. (a) Schematic of the ratiometric sensor that comprises an F30 scaffold (black), a Broccoli (green), and a DNB-based sensor. The DNB-
based sensor is composed of a DNB (red), a target-binding aptamer (blue) and a transducer (gray). Target binding to the aptamer (blue) stabilizes
the transducer, enabling DNB to fold and activate the fluorescence of TMR-DN. (b) In vitro fluorescence test with tetracycline-targeting
ratiometric sensor using SR-DN (λex/λem, ∼571/591 nm) or TMR-DN (λex/λem, ∼555/582 nm). The fluorescence was measured with 5 μM RNA
and 0.5 μM SR-DN or TMR-DN in the presence or absence of 500 μM tetracycline. (c) In vitro fluorescence test with c-di-GMP targeting
ratiometric sensor. The fluorescence was measured with 5 μM RNA and 0.5 μM SR-DN or TMR-DN in the presence or absence of 10 μM c-di-
GMP. (d, e) Dose−response curves for the detection of tetracycline (d) or c-di-GMP (e) by the ratiometric sensor. (f) Selectivity of the
tetracycline-targeting ratiometric sensor. The fluorescence intensity was measured in a solution containing 2.5 μM RNA, 20 μM DFHBI-1T, and
0.5 μM TMR-DN in the presence of 400 μM tetracycline or analog. (g) Selectivity of the c-di-GMP-targeting ratiometric sensor. The fluorescence
intensity was measured in a solution containing 2.5 μM RNA, 20 μM DFHBI-1T, and 0.5 μM TMR-DN in the presence of 50 μM c-di-GMP or
analog. Shown are mean and SEM values of three independent replicates.
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a result, the DNB-to-Broccoli fluorescence ratio can be used to
quantify target concentrations.
To test this idea, we prepared two F30-DNB/Broccoli-based

RNA sensors targeting tetracycline and c-di-GMP, respec-
tively.25,29,30 After the in vitro transcription of these RNA
sensors, we first detected the target-induced fluorescence
signals. A similar level of fluorescence enhancement was
observed using either TMR-DN or SR-DN for the detection of
both tetracycline (4.3-fold vs 4.9-fold) and c-di-GMP (4.7-fold
vs 4.9-fold) (Figure 3b and 3c). In addition, no difference in
the Broccoli fluorescence was observed after adding these
targets (Figure S6a and b). Indeed, by simply replacing the SR-
DN with TMR-DN, we can directly apply the previously
developed RNA sensor strands to detect target analytes.
We next wanted to know if these sensors could still detect

the targets within the physiological concentration range.
Dose−response curves were generated by adding different
amounts of tetracycline or c-di-GMP into a solution containing
5 μM RNA sensor, 20 μM DFHBI-1T, and 0.5 μM TMR-DN
(Figure 3d and e). Under this condition, the half-maximal
fluorescence was reached after adding 1.3 μM c-di-GMP or 53
μM tetracycline. If we defined the dynamic range as the target
concentration that induced 10%−90% of maximum fluores-

cence, a moderate dynamic range was observed, 0.1−20 μM
for c-di-GMP and 2.5−131 μM for tetracycline. Indeed, this
TMR-DN-based sensor system can be potentially used to
detect c-di-GMP in their physiological concentration range
(∼0.05−10 μM).14,31 For bacterial cells, the minimum
inhibitory concentration of tetracycline is ∼300 μM.32

Considering that the intracellular level of antibiotics is
normally lower than that added outside of the cells, the
developed TMR-DN-based tetracycline sensor could also be
suitable for potential antibacterial studies.
We also confirmed the selectivity of these sensors toward

their target analytes. As expected, the fluorescence signal of the
tetracycline-targeting sensor was not activated by other
antibiotics such as tobramycin, gentamicin, neomycin,
kanamycin, ampicillin, or streptomycin (Figure 3f). Similarly,
the c-di-GMP-targeting sensor maintained good selectivity
toward its target among analogs including c-di-AMP, cGAMP,
adenine, and guanine (Figure 3g). All these in vitro results
indicated that TMR-DN-based sensors can be used to
selectively detect their target analytes within the physiological
cellular concentrations.

Ratiometric Imaging and Quantification in Living
Cells. We next asked if we could use these ratiometric sensors

Figure 4. (a) Confocal fluorescence imaging was taken after 2 h incubation of 0−1000 μM tetracycline with BL21 (DE3)* cells that express
tetracycline-targeting ratiometric sensor. Here, 200 μM DFHBI-1T, 0.5 μM TMR-DN, and 1.5 μM Sytox blue (SB) was added. The tetracycline-
targeting DNB sensor channel (red), Broccoli channel (green), SB channel (blue), and DNB-to-Broccoli (R/G) ratiometric image were shown.
Scale bar, 10 μm. According to the R/G ratio of 210 individual cells from three experimental replicates, cellular distribution curves were generated.
(b) In vitro (red) and intracellular (black) dose−response curves of tetracycline sensor based on the mean and SEM of the DNB-to-Broccoli
fluorescence ratio. (c) Distributions of intracellular tetracycline amounts after adding 1 mM tetracycline in the solution. Individual cells were
binned according to their tetracycline concentrations. The percentage of cells in each bin was plotted. (d) Validation of the determined cellular
tetracycline levels based on either DNB fluorescence only or DNB-to-Broccoli fluorescence ratio with an HPLC assay after adding 250, 500, or
1000 μM tetracycline.
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to image and quantify target small molecules in living cells. We
first cloned tetracycline-targeting F30-DNB/Broccoli sensors
into BL21 (DE3)* cells. After adding 50−1000 μM
tetracycline, the cellular DNB/TMR-DN fluorescence was
indeed activated in a target-dependent manner, while the
Broccoli/DFHBI-1T signal was remained at a constant level
(Figure 4a and b).
To further test if these RNA-based sensors could be used to

detect naturally existing analytes, we prepared c-di-GMP-
targeting F30-DNB/Broccoli sensors to image cellular c-di-
GMP levels. To manipulate the intracellular c-di-GMP levels,
we prepared BL21 (DE3)* cells expressing either a diguanylate
cyclase GGDEF domain or a random sequence. The GGDEF
domain was used to increase the cellular synthesis of c-di-
GMP.33,34 As expected, minimal DNB/TMR-DN fluorescence

was observed without the GGDEF expression (Figure 5a). In
contrast, much higher DNB fluorescence was achieved in the
cells expressing GGDEF. As a reference, the Broccoli
fluorescence was not influenced by the GGDEF expression.
DNB/Broccoli-based ratiometric sensors could be indeed used
to detect signaling molecules in living cells.
Our next goal is to study if we could apply these sensors to

determine the cell-to-cell variations in the target levels. We first
wanted to obtain standard calibration curves for the target
quantification. We prepared a series of concentrations of
tetracycline-targeting F30-DNB/Broccoli sensors in vitro and
determined their corresponding dynamic ranges for the
tetracycline detection (Figure 6a). Our results indicated that
independent of the RNA concentrations, the DNB-to-Broccoli
fluorescence ratios were linearly correlated with ∼10−130 μM

Figure 5. (a) Fluorescence imaging of c-di-GMP in live BL21 (DE3)* cells. 200 μM DFHBI-1T and 0.5 μM TMR-DN were added 1 h before
imaging. DNB channel (red), Broccoli channel (green), and DNB-to-Broccoli (R/G) ratiometric images were shown. Scale bar, 10 μm. (b, c)
Cellular distribution of c-di-GMP in the absence (b) or presence (c) of the GGDEF domain. Individual cells were binned according to their c-di-
GMP concentrations. The percentage of cells in each bin was plotted.

Figure 6. Dose−responsive curves for tetracycline (a) and c-di-GMP (b) were measured at varying concentrations of RNA and 0.5 μM TMR-DN.
R/G ratio indicated the fluorescence ratio as measured at λex/λem, 555/582 nm (R) vs that at λex/λem, 480/503 nm (G). Shown are mean and SEM
values of three independent replicates.
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tetracycline. Similarly, the DNB-to-Broccoli fluorescence ratios
of the c-di-GMP-targeting sensors could be used to determine
the c-di-GMP concentrations in the range of ∼0.1−20 μM
(Figure 6b). The RNA concentrations we tested here (1−10
μM) are similar as those determined in living E. coli cells.25

We next applied these ratiometric sensors to quantify target
concentrations in BL21 (DE3)* cells. As shown in Figure 4a,
after adding 50−1000 μM tetracycline, we analyzed the DNB-
to-Broccoli fluorescence ratios of 200 individual cells at each
target concentration. After subtracting the cellular background,
on average a 6.2-, 8.1-, and 13.1-fold increase in the cellular
DNB-to-Broccoli fluorescence ratio was observed with the
addition of 250, 500, and 1000 μM tetracycline (Figure 4b).
After normalizing the sensitivity differences between the
fluorimeter and microscope (Figures 1c, S5b, and S6c),
based on the standard calibration curves (Figure 6a), these
cellular fluorescence signals were correlated with 210, 290, and
510 μM tetracycline, respectively. These determined values
were consistent with that obtained from an HPLC assay25

(Figure 4d). There are some differences between the
determined intracellular tetracycline levels and those added
in the solution. We believe it is likely due to the limited cell
membrane penetration and/or the activation of membrane
efflux pumps that will reduce the intracellular tetracycline
concentrations. It is also worth mentioning that compared to
SR-DN-based sensors,25 a better signal-to-noise ratio was
achieved with TMR-DN for the tetracycline imaging.
We also wondered if the cellular target concentrations could

be quantified simply by only measuring the DNB fluorescence.
Based on the dose-responsive curves of tetracycline-induced
DNB fluorescence (Figure S7), we quantified the cellular

tetracycline concentrations. However, compared to the data
obtained from the ratiometric imaging, DNB-only results were
obviously less consistent with the HPLC data (Figure 4d).
Indeed, due to the cell-to-cell variations in the RNA expression
levels, ratiometric-based quantification provided more accurate
determination of target concentrations.
We further determined the cellular distributions of

tetracycline. With 1 mM tetracycline added in the solution,
35%, 61%, and 4.3% of cells accumulated high (>600 μM),
medium (300−600 μM), or low (<300 μM) levels of
tetracycline, respectively (Figure 4c). To study the correlations
between the tetracycline accumulation and changes in the cell
viability, we added a Sytox Blue (SB) dye to stain the dead/
dying cells (Figure 4a). The percentage of SB-stained cells
increased from almost zero to 38%, 48%, and 87% after 2 h
incubating with 0, 100, 250, and 1000 μM tetracycline. Among
the SB-stained cells, 97% also accumulated high levels of
tetracycline. Indeed, the cell viability is highly correlated with
the cellular accumulations of tetracycline.
In addition to tetracycline, we also applied F30-DNB/

Broccoli sensors to quantify cellular c-di-GMP concentrations.
Based on the normalized fluorescence signals and standard
calibration curves (Figures 6b, S5b, and S6c), the determined
c-di-GMP level in cells without expressing the GGDEF domain
is 8.3 μM, which is consistent with the HPLC results, 11 μM.25

While for GGDEF-expressing cells, the c-di-GMP levels were
too high to be quantified (Figure 5c). There are some clear
cell-to-cell variations in the c-di-GMP level. For cells that do
not express the GGDEF domain, 2.1%, 90.2%, and 7.7% of
cells exhibited low (<0.2 μM), medium (0.2−10 μM), or high
(>10 μM) levels of c-di-GMP (Figure 5b). While in contrast,

Figure 7. (a) In vitro kinetics measurement with 2.5 μM tetracycline-targeting ratiometric RNA sensor and 0.5 μM TMR-DN in the absence or
presence of 500 μM tetracycline. (b) Tracking of the R/G fluorescence ratio from 55 individual cells. The fluorescence of each cell was plotted in a
gray line. The averaged signal of these 55 cells was plotted in red. (c) Monitoring tetracycline accumulation dynamics in live BL21 (DE3)* cells
after adding 500 μM tetracycline at 0 min. DNB sensor channel (red), Broccoli channel (green), and DNB-to-Broccoli (R/G) ratiometric images
were shown. Scale bar, 5 μm.

ACS Applied Bio Materials www.acsabm.org Forum Article

https://dx.doi.org/10.1021/acsabm.9b01237
ACS Appl. Bio Mater. 2020, 3, 2633−2642

2639

http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b01237/suppl_file/mt9b01237_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b01237/suppl_file/mt9b01237_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b01237/suppl_file/mt9b01237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01237?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01237?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01237?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01237?fig=fig7&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01237?ref=pdf


in the presence of GGDEF, 99.2% of cells exhibited high level
of c-di-GMP and another 0.8% contained medium level of c-di-
GMP (Figure 5c). All these results indicated that the DNB/
TMR-DN and Broccoli/DFHBI-1T-based ratiometric sensors
can be indeed used to image and quantify the cellular
concentrations and distributions of target analytes.
Kinetic Measurement with RNA-based Ratiometric

Sensors. Finally, we wanted to test if these new TMR-DN-
based ratiometric sensors can be used to monitor the cellular
dynamics of target analytes. Using the tetracycline-targeting
F30-DNB/Broccoli sensor as an example, we first monitored
the DNB/TMR-DN fluorescence signal change after mixing
500 μM tetracycline with the in vitro transcribed RNA sensors
(Figure 7a). A fast increase in the fluorescence signal was
observed. It took ∼10 min to reach the half-maximal
fluorescence signal. As a control, the sensor fluorescence
signal was quite stable in the absence of tetracycline. Indeed,
we can apply TMR-DN-based RNA sensors to perform kinetic
measurement.
We further applied this ratiometric sensor system to monitor

the dynamic cellular accumulations of tetracycline. After
mixing 500 μM tetracycline with E. coli cells that expressed
the sensors, the cellular fluorescence was imaged every 10 min
(Figure 7b and c). Clear cell-to-cell variations in the rates of
tetracycline accumulation was observed. Under this exper-
imental condition, 60% of cells quickly accumulated high levels
of tetracycline, i.e., >200 μM tetracycline was identified in
these cells within the first 20 min. Interestingly, the tetracycline
level in 10.7% of cells started to decrease after ∼30 min
incubation. Such decreased tetracycline levels may indicate the
generation and function of membrane efflux pumps, an
important mechanism for developing antibiotic resistance.35

Indeed, these TMR-DN-based ratiometric sensors could be
used to monitor the dynamic variations of target concen-
trations in living cells. Another interesting observation was that
a population of these E. coli cells exhibited high levels of
tetracycline either at one pole or both polar regions (Figure
7c). This may be correlated with the fact that the cellular
targets of tetracycline, i.e., subunits of rRNAs, tend to
accumulate at these polar regions.36 Some future studies may
be potentially followed to understand the detailed mechanism
of these subcellular distribution patterns.

■ CONCLUSION

Genetically encoded fluorogenic RNA-based sensors become
popular tools for the detection and imaging of cellular
analytes.37,38 Most of these sensors are rely on a single-
channel emission for the measurement. Due to the cell-to-cell
variations in the RNA expression level, it is challenging to
accurately determine the cellular concentrations of target
analytes based on just a single-channel fluorescence. As a
result, we developed these ratiometric RNA-based sensors to
accurately quantify the cellular concentrations of target
analytes.25 However, due to the instability of the SR-DN dye
(through unknown mechanism), the previous version of the
sensor failed for monitoring the dynamic changes of target
cellular levels. Herein, by using a highly stable TMR-DN dye,
we are able to apply the same ratiometric RNA sensor strands
to monitor target levels in the living cells. To demonstrate the
functions of these sensors, we chose two target analytes,
tetracycline, and c-di-GMP. The successful live-cell monitoring
of these targets will advance our understanding of several

biological processes, such as the mechanism of antibiotic
resistance and biofilm formation.
To potentially allow these sensors for the real-time

monitoring of target analytes under continuous irradiation, it
is important to improve the photostability of the RNA sensors.
There are several emerging fluorogenic RNA/fluorophore
complexes that exhibit great photostability and brightness.39−41

These complexes can emit fluorescence spanning the spectrum
from cyan to red or even near-infrared region. Using a similar
design principle as demonstrated in this study, these
fluorogenic RNA aptamers may be potentially useful in
developing ratiometric sensors, which can be applied to
continuously monitor the kinetics of target analytes in living
cells.
So far, including this study, almost all the fluorogenic RNA-

based sensors are limited in use for prokaryotic cells.11,26 An
important issue that needs to be addressed is the development
of expression systems that enable the accumulation of a large
amount of RNA sensors inside eukaryotic cells. The recent
development of circular RNA vectors could potentially allow
our ratiometric sensors to quantify target analytes in eukaryotic
cells.42 In the future, we will test the performance of these
circular RNA-based ratiometric sensors for eukaryotic imaging.
With further optimization of ratiometric RNA-based sensor
platform, we believe these genetically encoded sensors can be
broadly applied for live-cell imaging and real-time monitoring
of various metabolites, signaling molecules, and other bio-
logical compounds.
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