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Non-invasive single cell aptasensing in live cells and animals

The McKeague and Mruk labs developed biosensors for
tracking diverse drugs in living cells and animals. The
biosensors combine the ability of nucleic acid aptamers to
sense specific molecules with the easy-to- image properties
of fluorescent proteins. Six highly specific aptasensors were
genetically encoded, facilitating the production of the first
transgenic vertebrate harboring a genomic aptasensor.
These encoded aptasensors enabled sensitive and long-term
studies of drug cellular uptake throughout the lifespan of an
animal. Artwork by Prof. Karen Mruk.
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We report a genetically encoded aptamer biosensor platform for non-invasive measurement of drug
distribution in cells and animals. We combined the high specificity of aptamer molecular recognition
with the easy-to-detect properties of fluorescent proteins. We generated six encoded aptasensors,
showcasing the platform versatility. The biosensors display high sensitivity and specificity for detecting
their specific drug target over related analogs. We show dose dependent response of biosensor
performance reaching saturating drug uptake levels in individual live cells. We designed our platform for
integration into animal genomes; thus, we incorporated aptamer biosensors into zebrafish, an important
model vertebrate. The biosensors enabled non-invasive drug biodistribution imaging in whole animals

across different timepoints. To our knowledge, this is the first example of an aptamer biosensor-
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Accepted 18th February 2024 expressing transgenic vertebrate that is carried through generations. As such, our encoded platform
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addresses the need for non-invasive whole animal biosensing ideal for pharmacokinetic-
DOI: 10.1035/d35c05735¢ pharmacodynamic analyses that can be expanded to other organisms and to detect diverse molecules of
rsc.li/chemical-science interest.

Introduction

Technologies that enable detection of drugs and their metabolites
inside individual cells improve drug delivery and optimization,
enhancing therapeutic outcomes, and minimizing adverse
effects.”” Typically, instrument-based analytical methods** are
used to measure drugs and their metabolites, but require cell
lysis”® or embedding and freezing tissues. This precludes real-
time cellular measurements® and non-invasive animal studies,*®
thereby limiting studies to bulk cellular populations.**> Micros-
copy, on the other hand, is valuable for non-invasive and real-time
monitoring of biomolecules,” cellular processes,"**> and tissue
patterning.'®"” However, sensing small molecules including drugs
and their metabolites remains a challenge due to the lack of
probes with specific molecular recognition properties.

The use of fluorescent biosensors, incorporating small
molecule probes or genetically encoded fluorescent proteins®>*
has improved real-time detection of molecules inside cells.
Indeed, a long list of genetically encoded biosensors'® making
use of fluorescent protein approaches, fluorescence resonance
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energy transfer (FRET),* or bioluminescence resonance energy
transfer (BRET),* have been developed to sense metal ions,***
redox species,”® and essential small molecules.**** Recently,
a FRET-based encoded biosensor was developed to sense the
uptake of sulphonamide diuretic drugs,” highlighting the
utility of monitoring drug uptake in live cells and the promise of
genetic biosensors. However, the complexity of modifying
promoters and proteins to detect different targets is chal-
lenging, preventing their broad application for monitoring
a wide range of small molecule drugs.*® Additionally, protein
biosensors are often specific to a species, making them
unsuitable for use in diverse cell and animal models.**

Aptamers offer versatile solutions for biosensing,*’
enabling the identification of various small molecules including
drugs,* toxicants,* toxins,* metabolites,” and even ions.*
Aptamers are single-stranded nucleic acids that selectively bind
to their targets identified through in vitro selection.**™** Features
that render aptamers preferable to other selective molecules
such as antibodies and promoters are their versatility, repro-
ducibility, and programmability.***” Indeed, aptamer-coupled
nanodevices for tumor imaging can be injected into animals
where they accumulate at tumors sites.*® Light-up aptamers
have been encoded into cells enabling live-cell imaging of
RNA.***° However, non-invasive biosensing in single cells and
live animals has never been achieved with aptamers.

Here, we developed a new platform to genetically-encode
ribozyme-coupled aptamers into mammalian cells at the
single-cell level and whole animals (Scheme 1). Aptamers have
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been coupled to the self-cleaving activity of ribozyme, creating
“switches” that control gene expression in yeast and mamma-
lian cells.**>* RNA aptamers are inserted into the loops of a self-
cleaving ribozyme,** such that ribozyme activity is main-
tained. In this way, when the aptamer-ribozyme construct is
encoded in the 3’-UTR of a gene, the mRNA is cleaved and
degraded. However, when the aptamer's target binds, it blocks
the tertiary interactions necessary for ribozyme activity. As
a result, the mRNA is stabilized by the polyA tail and is effec-
tively translated into the fluorescent protein.

We hypothesized that we could leverage aptamer-ribozyme
constructs for intracellular biosensing, where any aptamer
could theoretically be used to specifically recognize a target-of-
interest and a dose-response signal could be generated via
a green fluorescent protein (GFP). We therefore generated the
first transgenic vertebrate harboring an encoded aptamer
biosensor, enabling sensitive and long-term studies of drug
cellular uptake throughout the lifespan of a vertebrate. We
applied our platform to generate six different aptamer biosen-
sors demonstrating the generalizability of the approach.
Furthermore, our biosensors specifically detect drugs of interest
with saturable dose-response curves in live cells. In summary,
we describe the first aptamer biosensor platform that allows
non-invasive and single cell measurements of drug distribution
in live cells and whole animals.

Results and discussion

A platform for encoding aptamer biosensors into cells and
zebrafish

We developed a novel platform for encoding aptamer ribozyme
constructs into the zebrafish genome termed “DNA Integrated
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Scheme 1 DIVE platform. The DNA Integrated Versatile Encoded-
aptamer biosensor plasmid (pDIVE) is transcribed producing the
biosensor composed of an RNA aptamer fused to a ribozyme. In the
absence of the drug, the ribozyme's self-cleavage activity facilitates
mMRNA degradation, resulting in no GFP translation. When the aptamer
binds the drug, ribozyme tertiary interactions are blocked thus
enabling GFP synthesis in a dose-dependent fashion.
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Versatile Encoded-Aptamer biosensors” (DIVE aptasensors,
Scheme 1). We developed a custom DNA plasmid (pDIVE,
Fig. S1 and Table S17) for both zebrafish and mammalian cells
whereby upon transcription, multiple copies of the aptasensors
are transcribed within each cell serving as a highly sensitive
biosensor. GFP acts as the transducer coupled to the aptamer
sensor platform; and mCherry acts as an internal positive
control for expression and successful DIVE delivery. GFP is
normalized to mCherry, accounting for cell death/toxicity,
varying concentrations of the transfected biosensor platform,
cell-cell variations in gene expression, and whether the plasmid
integrated into embryos.* Everything is controlled by the
ubiquitin (ubi) promoter® that is active throughout zebrafish
development and in mammalian cells, enabling constitutive
expression and ratiometric analyses in live cells and
animals.”®®* Fluorescent proteins were incorporated without
codon optimization to minimize differences between mamma-
lian cells and zebrafish providing a single platform for use in
both model systems. As such, our DIVE platform can be trans-
fected or injected into cells or integrated into the genome of
cells and zebrafish.

We first established and tested negative and positive controls
for our DIVE biosensing platform. We cloned controls lacking
the aptamer sensing modules, producing an “always OFF”
biosensor (DIVE.OFF, negative control) composed of an active
self-cleaving ribozyme, and an “always ON” biosensor
(DIVE.ON, positive control) composed of an altered ribozyme
that lacked self-cleavage activity and therefore did not interfere
with GFP expression. We transfected these controls into
HEK293T cells and injected them into zebrafish embryos. As
expected, DIVE.OFF resulted in very low GFP fluorescence
whereas DIVE.ON resulted in high GFP fluorescence, resulting
in GFP/mCherry ratios of 0.5 and 3.4, respectively (Fig. 1 and
S2t). Notably, DIVE.ON gave the same measured fluorescent
ratios as the core plasmid pDIVE containing only GFP and
mCherry (ratio = 3.6 in HEK293T cells and 0.8 in zebrafish
embryos). Furthermore, DIVE.OFF resulted in higher GFP signal
compared to the background fluorescence measured in the cells
and embryos (Fig. 1). These controls established the upper and
lower biosensing dynamic range and confirmed function in
zebrafish.

DIVE aptasensors for six pharmaceutical drugs

With the appropriate controls in hand, we next compared
biosensor activity for six small molecule pharmaceuticals with
diverse structures (Fig. S3t) and functions. Theophylline is
a bronchodilator used for respiratory disorders; folinic acid is
a folate derivative used for decreasing the toxicity of anticancer
drugs in healthy cells; gardiquimod is an experimental toll-like
receptor (TLR) agonist that modulates the immune system;
aciclovir is an antiviral medication and nucleoside analog; and
neomycin and tetracyclines are antibiotics. Importantly,
protein-based encoded biosensors have not been reported for
these molecules with the exception for tetracycline and thus our
developed DIVE biosensors dramatically increase the number of
drugs that can be monitored within cells.
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Fig. 1 DIVE platform controls in HEK293T cells and zebrafish embryos. (A) Workflow of the cell assay. (B) Fluorescence measurements for each
control: no transfection, the core plasmid pDIVE containing only GFP and mCherry, the DIVE.OFF negative control, and DIVE.ON positive control.
GFP and mCherry fluorescence is measured for each cell population. The relative GFP/mCherry ratio is calculated and plotted. Data are the mean
and standard deviation of three independent experiments each with technical triplicates. (C) The workflow for testing activity of the DIVE system
in zebrafish embryos. WT embryos were injected at the one-cell stage and raised until 1 day post fertilization (dpf). (D) Epifluorescence
micrographs from an entire clutch are shown for embryos. (E) Three random embryos from each injection condition were imaged and pixel
intensity across the trunk quantified. Embryos lacking the mCherry expression control are not included as this indicates either they were not
integrated into the genome or in a region with silent expression. The average GFP/mCherry ratio + s.d. was plotted. Values for individual fish are

shown.

Aptamer-ribozyme constructs®**** were screened for each of
our six drugs and the best candidates were incorporated into our
pDIVE generating six individual DIVE aptasensors followed by
transfection into HEK293T cells (Table S2t). Cells were then
incubated with each drug to compare DIVE aptasensor activity
following drug uptake via flow cytometry (Fig. S4t). All six
DIVE_sensors resulted in an increase in the GFP/mCherry ratio in
the presence of the appropriate target drug, confirming biosens-
ing function of the genetically encoded platform in mammalian
cells (Fig. 2). Furthermore, our single-cell measurements by flow
cytometry were consistent with bulk measurements (Fig. S51). The
DIVE_6 sensor showed the highest response, with a 3.9-fold
increase in fluorescence compared to in the absence of the drug.
DIVE_3, DIVE_1, and DIVE_2 resulted in up to a 1.9-fold increase
in fluorescence as compared to the absence of drug. Importantly,

4772 | Chem. Sci., 2024, 15, 4770-4778

except for the theophylline aptamer, each of the aptamers
employed in the biosensors bind to their drug targets with
nanomolar dissociation constants under physiological magne-
sium concentrations (0.5 mM)** (Fig. S6f). In contrast, the
theophylline aptamer, which resulted in the best response
(DIVE_6), displays a substantially weaker micromolar binding (K
=54 2 pM) at 0.5 mM Mg®" measured using a surface plasmon
resonance assay (Fig. S67).

Therefore, the difference in responses measured by our DIVE
biosensors is not due to aptamer affinity but rather reflects drug
uptake into cells. Indeed, it is known that aminoglycosides and
other antibiotics have poor cellular uptake into mammalian
cells,® consistent with the low “turn-on” fluorescence measured
by DIVE_4 and DIVE_5. Furthermore, folinic acid is a negative
charged molecule that requires specific membrane transporters

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of DIVE aptasensors for six drugs. GFP/mCherry
ratio for each DIVE aptasensor in HEK293T cells in the presence and
absence of its corresponding drug: DIVE_1 with 100 pM aciclovir;
DIVE_2 with 1 mM folinic acid; DIVE_3 with 50 uM gardiquimod;
DIVE_4 with 2 mM neomycin; DIVE_5 with 500 uM tetracycline; and
DIVE_6 with 1 mM theophylline. Data are the mean and standard
deviation of three independent experiments each with technical
replicates. p values from a two-tailed, unpaired t-test with Welch's
correction. Significance summary: p > 0.05 (ns), p = 0.05 (¥), p = 0.01
(**), p =< 0.0001 (¥**%*),

for its transport in and out of the cell. HEK293T cells express
these transporters® but tightly regulate the uptake, corre-
sponding to the small but statistically significant measured
DIVE_2 response. Indeed, previous reports demonstrate
improved uptake of folinic acid upon overexpressing the human
folate transporter SLC46A1.°> Taken together, our results
demonstrate that the DIVE aptasensors enable single cell
measurement of drug uptake.

DIVE aptasensors show a dose response relationship and
distinguish their target drugs from analogs

We next performed a dose-response study using the sensors with
the highest response, DIVE_6 and DIVE_3. As the nominal drug
concentration was increased, the relative GFP also increased. Data
were fit to a saturating dose curve, resulting in half maximal
effective concentrations (ECs) of 257 uM (R* = 0.9928) for DIVE_6
with theophylline and 1.5 uM (R*> = 0.9255) for DIVE_3 with gar-
diquimod (Fig. 3). Data were also fit using a simple linear
regression establishing a linear dynamic range for DIVE_6
between 8 and 320 uM and a limit of detection (LOD) of 7.5 uM.
For DIVE_3 the linear dynamic range, based on the nominal dose,
extended to 3 pM; however, due to the high background expres-
sion of this biosensor, the LOD was approximately 1 uM (Fig. S77).
These results confirm that our DIVE platform enabled the detec-
tion of drug uptake into cells in a dose-dependent manner. Dose-
response studies are essential in drug development, providing
critical information regarding safety and dosing;* therefore, our
biosensors may be useful for monitoring drug uptake in engi-
neered cells or drugs encapsulated into delivery vehicles.
Specificity is critical in drug development to avoid negative
side effects and toxicity.*® We therefore wanted to ensure that
the aptamers maintained their specificity for their targets
within the DIVE biosensing platform. We compared biosensor
activity in response to analogs of their target drugs. For the
DIVE_6 biosensor we incubated cells separately with high
concentrations of caffeine which differs from theophylline by
a single methyl group. Importantly, the DIVE_6 biosensor
showed almost no activity in the presence of caffeine. Even at
1 mM concentrations, the biosensor activity with caffeine was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DIVE aptasensor performance: dose response and specificity.
GFP/mCherry ratios after incubating HEK293T cells with increasing
concentrations of their corresponding drugs (A) DIVE_6. (B) DIVE_3.
(C) DIVE_6 specificity in the presence of theophylline and caffeine. (D)
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Data are the mean and standard deviation of three independent bio-
logical experiments. p values from a 2-way ANOVA with Sidak's
multiple comparisons test indicated. Significance summary: p = 0.05
(*), p = 0.01 (**), p = 0.001 (*¥**), p < 0.0001 (****),

comparable to background levels, highlighting its specificity
(Fig. 3C). For the DIVE_3 biosensor, we examined the specificity
against the analog resiquimod in which an ether replaces the
secondary amine in gardiquimod. Again, our DIVE aptasensor
showed almost no activity in the presence of resiquimod,
illustrating a high degree of specificity (Fig. 3D).

Live-cell imaging of biosensor activity in HEK293T cells

We next determined whether our DIVE aptasensors would be
suitable for live-cell imaging. We therefore evaluated the theoph-
ylline biosensor in live HEK293T cells. Cells containing DIVE_6
were treated with various concentrations of theophylline and
caffeine. Without any fixing or mounting, we directly imaged the
cells in the well plates for both green and red fluorescence. As
expected, the red filter showed red fluorescence in all cell condi-
tions since mCherry is constitutively expressed. The positive
control DIVE.ON displayed bright green fluorescence, whereas the
negative control DIVE.OFF showed no green fluorescence
(Fig. 4A). Cells harboring DIVE_6 treated with 0.5 and 1 mM
theophylline displayed bright green signals (Fig. 4B) and almost
no signals were observed in the absence of theophylline or those
treated with caffeine (Fig. 4C and S8f1). Our live-cell imaging
results are comparable to the flow cytometry measurements, thus
confirming the robustness of our aptamer biosensors for non-
invasive live-cell imaging of drug uptake.

Non-invasive cellular biosensing of theophylline in
a vertebrate model

Since our aptamer-based biosensors enabled live-cell detection
of drug uptake in mammalian cells, we sought to assess their

Chem. Sci., 2024, 15, 4770-4778 | 4773
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Fig.4 Live-cellimaging of drug uptake using DIVE aptasensors. (A

) HEK293T cells expressing DIVE.OFF and DIVE.ON controls. (B) HEK293T cells

expressing DIVE_6 and treated with theophylline. (C) HEK293T cells expressing the DIVE_6 biosensor treated with caffeine. Scale bars: 100 um.
Results are from one experiment; two additional independent experiments were performed (Fig. S81).

biosensing capabilities in a whole vertebrate animal model.
Zebrafish have emerged as a powerful preclinical model for
human disease and respond to small molecules and drug
treatments at physiologically relevant doses.” We therefore
examined the function of DIVE_6 in zebrafish. The biosensors
and controls were integrated into the zebrafish genome using
Tol2-mediated transgenesis.®®*® Selected fish expressing the
expression control mCherry were raised to adulthood, propa-
gated through F1 and F2 generations. Resulting positive
embryos from an F2 outcross expressing the biosensors were
used for experiments (Fig. 5A). We performed all experiments
using 1 mM theophylline since zebrafish exhibited toxicity
effects at higher drug concentrations (Fig. S97), consistent with
theophylline dosing studies in patients.”

Transgenic embryos at 24 hours post fertilization (hpf)
expressing DIVE_6 were bathed in media in the absence and
presence of theophylline. Imaging of individual embryos
revealed a small observable green fluorescence in the treated
fish after as little as four hours, with a marked increase in green
fluorescence after 24 hours (Fig. 5B). In comparison, there was
no change in green fluorescence in the fish that were not bathed
in theophylline. In contrast, the DIVE.ON positive control was
not impacted by theophylline treatment (Fig. S107), confirming
that the green signal resulted from DIVE_6 detecting theoph-
ylline drug uptake. By quantifying the fluorescent signals, the
animals treated with 1 mM theophylline for 24 hpf showed
a 6.6-fold increase in signal as compared to fish that did not
receive the drug (Fig. 5C). This value is comparable to the 3.9-
fold signal generated in mammalian cells with 1 mM theoph-
ylline. The improved signal measured in zebrafish as compared
to mammalian cells likely results from the stable integration of
the biosensor into the genome as compared to the transient
transfection performed in HEK293T cells. Together these
results suggest that HEK293T cells can serve as a biosensing
prototyping platform for developing new DIVE transgenic

4774 | Chem. Sci, 2024, 15, 4770-4778

zebrafish lines. Given the short time (days) to test biosensors in
mammalians cells compared to zebrafish (months), this would
greatly enable the development of new zebrafish biosensing
tools.

We last determined whether GFP expression was reversible
with removal of theophylline, thus potentially serving as
a useful measurement of drug metabolism and excretion. To
test this, embryos were bathed in 1 mM theophylline for 24
hours and then placed in fresh media without drug. GFP
expression was decreased at 24 hours after washout with near
baseline levels at 48 h (Fig. 6). Our results are consistent with
the expected half-life of wild-type GFP (~26 h).”* Expression of
GFP remained high in developing liver and GI tract, suggesting
a mechanism by which theophylline may be cleared in the
zebrafish.

We anticipate that our encoded aptamer biosensors will be
valuable across multiple disciplines that study and monitor
drug uptake under different conditions. For example, these
biosensors can be used for comparing uptake levels from
different drug formulations, or to compare uptake across
tissues. Furthermore, drug uptake can be directly compared to
animal behavior due to the live and non-invasive nature of these
biosensors and therefore will enhance small molecule studies
relevant to animal behavior and development. On the other
hand, from an environmental perspective, our biosensors can
be used to compare the fate, transformations, and uptake of
drugs under different environmental conditions.” Indeed, it
has been shown that small changes in water pH alter uptake of
common pharmaceuticals in fish.”>”

Our aptamer biosensors are unique in that they can be
stably integrated into animal cells and persist through the
lifetime and multiple generations of zebrafish. Though
aptamers have been developed into numerous biosensing
platforms due to their high affinity and ability to undergo
conformational changes in response to specific target

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Non-invasive imaging of drug uptake in new transgenic DIVE expressing zebrafish line. (A) Workflow for generating DIVE aptasensor-
expressing transgenic zebrafish Tg(Ubi:GFP-DIVE_6; Ubi:mCherry). Embryos from an F2 outcross were bathed in 1 mM theophylline beginning at
24 hpf. (B) Representative brightfield and fluorescent micrographs from 48 hpf embryos containing the integrated biosensor plasmid (Ubi:GFP-
DIVE_6; Ubi:mCherry). Zebrafish orientation is lateral view, anterior left. Scale bar: 250 um. (C) Quantification of pixel intensity of GFP and
mCherry was calculated for the trunk of the zebrafish and the GFP/mCherry ratio plotted. The average GFP/mCherry ratio + s.d. with values for
individual fish shown. p values from a Kruskal-Wallis analysis of variance with post-hoc Dunn's test.

molecules, we addressed a major challenge in non-invasive
live-cell biosensing by coupling the binding properties of
RNA aptamers to catalytic RNA. Light-up RNA aptamers
including Mango’ and Broccoli”® can also be engineered and
encoded into whole animals and may result in faster bio-
sensing response rates, but the light-up aptamer dyes are
expected to exhibit irregular distributions across animal
tissues, hence complicating precise drug uptake monitoring.
One limitation of our platform is the potentially slow bio-
sensing response. For example, theophylline is absorbed
quickly.”® While we detect increases in signal in as little as 4

24 treatment with 1 mM tl

heophylline

hours, we measure peak concentrations only after 24 hours.
As such, future work will explore both faster ribozymes for our
DIVE sensors’ as well as use of faster folding proteins™ to
improve the rapid real time results. Nevertheless, our
biosensors sense uptake, tissue distribution, and metabolism
of the drug in a non-invasive manner. Here, we focused on the
detection of pharmaceuticals; however, there are thousands
of reported aptamers to a wide range of xenobiotics and
endogenous molecules including metal ions, toxins, toxi-
cants, lipids, and proteins. As such, our DIVE platform can be
theoretically expanded to detect nearly any molecule that

J ———f}d,. S

b

Tg(Ubi:GFP-DIVE_6; Ubi:mCherry)

2 hr after washout, 50 hpf

24 hr after washout, 72 hpf
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Washout time (hr)

48 hr after washout, 96 hpf

Fig. 6 Washout of theophylline in transgenic DIVE expressing zebrafish line. Representative brightfield and fluorescent micrographs from
embryos containing the integrated biosensor plasmid (Ubi:GFP-DIVE_6; Ubi:mCherry) and bathed for 24 hours in 1 mM theophylline. Embryos
were measured after removal of theophylline. Zebrafish orientation is lateral view, anterior left. Scale bar: 250 pum. Graph displays quantification of
pixel intensity calculated for the trunk of the zebrafish with the GFP/mCherry ratio plotted. The average GFP/mCherry ratio + s.d. with values for
individual fish shown.
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accumulates in the cytosol, enabling live-cell imaging or non-
invasive whole animal monitoring for a plethora of
applications.

Conclusions

In conclusion, we developed a genetically encoded aptamer
biosensor platform suitable for transient expression or
genetic engineering in mammalian cells and zebrafish and
representing the first example of an encoded aptamer sensor
in a transgenic vertebrate. We compared different aptamer-
based biosensors to a panel of pharmaceuticals, with
theophylline and gardiquimod biosensors showing high
sensitivity and specificity. Our biosensors enabled single-cell
monitoring of drug uptake in live cells in a dose-response
manner. We further applied our biosensors to zebrafish,
resulting in robust and precise detection of theophylline
across various timepoints. We anticipate that these biosen-
sors will be useful for a range of applications, from environ-
mental  toxicity =~ monitoring to  studying  drug
pharmacokinetics and formulation.
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