Aptamer-based monitoring of drug uptake into cells and vertebrates
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SYNOPSIS: We developed a genetically-encoded aptamer biosensor platform for non-invasive real-
time measurement of drug uptake in cells and whole animals.
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ABSTRACT

Sensing small molecules, including drugs and their metabolites inside cells, is critical for drug discovery
and development, diagnostics, and precision medicine. To facilitate sensitive, long-term studies of drug
uptake in cultured cells and animals, we developed a genetically-encoded aptamer biosensor platform
for non-invasive real-time measurements of drug distribution. We combined the high specificity of
aptamer molecular recognition with the easy-to-detect properties of fluorescent proteins. We tested
six different aptamer biosensors, showcasing the platform versatility. The biosensors display high
sensitivity and specificity for detecting their specific drug target over related analogs. Furthermore, the
biosensor responses were dose dependent and could be detected in individual live cells. We designed
our platform for easy integration into animal genomes; thus, we incorporated one aptamer biosensor
into zebrafish, an important model vertebrate. The biosensor was stably expressed and enabled non-
invasive drug biodistribution imaging in whole animals across different timepoints. To our knowledge,
this is the first example of an integrated aptamer biosensor encoded by a vertebrate animal. As such,
our aptamer encoded biosensors address the need for non-invasive whole animal biosensing ideal for
pharmacokinetic-pharmacodynamic analyses that can be expanded to detect diverse molecules of
interest. Furthermore, due to the lack of species-specific machinery, our biosensors can be potentially
adapted for any model organism of interest.

INTRODUCTION

Uptake, transportation, efflux, and the concentration of drugs inside cells is crucial for exploring
pharmacokinetics and characterizing drug efficacy, targeting, toxicity, and mechanisms of drug
resistance.l” 2 Technologies that enable rapid detection of drugs and their metabolites inside individual
cells can improve drug delivery and optimization, thus enhancing therapeutic outcomes, and minimizing
adverse effects.> * However, interrogating molecules and processes inside cells is challenging. Typically,
instrument-based analytical methods, including high pressure liquid chromatography,® mass
spectrometry (MS),®® and magnetic resonance imaging® are used to measure drugs and their
metabolites. Recently, quantitative measurement of therapeutics in cancer models has been
demonstrated using instrumentation such as MALDI-MS.1° In all of these cases, cells and tissues must
be lysed! 2 or embedded, frozen, and cross sectioned, thus precluding real-time cellular
measurements!®> and non-invasive animal studies,’* thereby limiting studies to bulk cellular
populations.t> 16

Confocal microscopy, two photon microscopy, near infrared imaging, and positron emission
tomography, on the other hand, have been extremely valuable for non-invasive and real-time
monitoring of biomolecules,’” cellular processes,'® 1° and tissue patterning.?> 2! Indeed, using
fluorescent dyes and probes, imaging has enabled the study of oxidative stress?? and lipid membrane
organization in whole organisms?3, characterization of in vivo biodistribution properties of drug delivery
vehicles,?* longitudinal monitoring of inflammation in animals,® tracking of cellular growth and
apoptosis,?®2? and recording of brain circuitry activity.?® Furthermore, with the development of high-
throughput imaging platforms and imaging analysis software, semi-quantification is possible.?® 30
However, sensing small molecules including drugs and their metabolites remains a challenge due to the
lack of suitable probes with specific molecular recognition properties.

An important approach to improve the specificity and real-time detection of molecules inside cells
includes the use of fluorescent biosensors, incorporating either small molecule probes or genetically-
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encoded fluorescent proteins.3'3” The development of biosensors requires two essential components:
1) a molecular recognition agent that specifically detects the target of interest and 2) a reporter to
transduce the detection into a measurable signal. Indeed, a long list of genetically encoded biosensors3?
making use of single-fluorescent protein approaches, fluorescence resonance energy transfer (FRET),38
or bioluminescence resonance energy transfer (BRET),3? have been developed to sense metal ions such
as Ca?*,%% and K* ! redox species,*? glucose,*® neurotransmitters,** amino acids,* and nucleotides.*®
Recently, a FRET-based encoded biosensor was developed to sense the uptake of sulphonamide diuretic
drugs. Here, the drug’s target protein and a ligand were conjugated to a pair of FRET proteins such that,
in the absence of the drug, the encoded ligand occupied the target protein binding site, bringing the
FRET pairs into sufficient proximity for a strong FRET signal. However, upon accumulation of sufficiently
high concentrations of the drug in the cytosol, the ligand was displaced, resulting in a decreased FRET
signal.3? This study highlighted the utility of monitoring drug uptake in live cells and the promise of
protein-based genetic biosensors. However, the complexity of modifying promoters and proteins to
detect different targets is challenging and thus has prevented the broad application and development
of genetically encoded biosensors for monitoring a wide range of small molecule drugs.*” Additionally,
biosensors designed using proteins often rely on protein function that is specific to a species, making
them unsuitable for use in diverse cell and animal models.*®

Aptamers offer a versatile solution for biosensing,* °° enabling the identification of various small
molecules including drugs, toxicants,® toxins,”> metabolites,>® and even ions.>* Aptamers are short,
single-stranded nucleic acids that selectively bind to their targets. They can be identified through an in
vitro selection process called SELEX (Systematic Evolution of Ligands by Exponential Enrichment),>>>’
which involves iterative rounds of selection and amplification to identify sequences with high affinity
and specificity for the desired target. The key features that render aptamers preferable to other
selective molecules such as antibodies and promoters are their versatility, reproducibility, and low
immunigencity.>8°

Here, to enable sensitive and long-term studies of drug cellular uptake into cultured cells and animals,
we integrated the specificity of aptamersthat target small molecule drugs with the enhanced
fluorescence of green fluorescent protein (GFP). Our biosensor platform is genetically encoded,
enabling straightforward integration into the genomes of cells and animals. We show that the encoded
RNA aptamers enable specific imaging and relative quantitation of drug uptake in mammalian cells. We
applied our biosensor design to a panel of six different aptamer biosensors demonstrating the
generalizability of the approach. Finally, we integrated the aptamer biosensors into the genome of the
vertebrate model zebrafish. We show that our genetically encoded aptamer biosensor enables live
imaging of drug biodistribution throughout the lifespan of a vertebrate. In summary, we developed an
aptamer biosensor that allows for non-invasive, real-time, and single cell measurements of drug
distribution.

RESULTS AND DISCUSSION

Developing a genetically encoded aptamer biosensor platform for cells and zebrafish

Our genetically encoded aptamer biosensor platform makes use of an aptamer-ribozyme construct that
is active in yeast and mammalian cells.%®®8 In our system, binding of the aptamer’s target activates
expression of green fluorescent protein (GFP). RNA aptamers are inserted into the loops of a self-
cleaving ribozyme,%72 such that ribozyme activity is maintained. In this way, when the aptamer-
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ribozyme construct is encoded in the 3’-UTR of GFP, the GFP mRNA is cleaved and degraded, resulting
in the absence of GFP fluorescence. However, when the aptamer’s target binds to the aptamer, it blocks
the tertiary interactions necessary for ribozyme activity. As a result, the GFP mRNA is stabilized by the
polyA tail and is effectively translated into the fluorescent protein. Given that GFP synthesis is
dependent on the concentration of the small molecule, we hypothesized that this platform would be
useful for intracellular biosensing, where any aptamer could theoretically be used to specifically
recognize a target-of-interest. This platform is termed “DNA Integrated Versatile Encoded-Aptamer
biosensors” (DIVE aptasensors, Scheme 1).

GFP 4 I - AN LT L RREN
RN i Id N

|
. i N ~ s |
. oh S >, Aptamer o . Aptamer |
Z \\‘-d\ . \‘\ .‘: ’ L ’ v i
A} ‘I i
: 3
A 3B & |
\ —_— |
o W AAA ‘
-3 AAA |
|
i No Signal GFP - |
' Synthesis
i
1 g
| ,\__r—-s_.f\-—" G
R &
- [
% r g..
S ez
E X

b .
) - AAA
2 ise reporte D’
Cherry (nof [Drug]

! Drug dependent increase in fluorescence
Genetically encoded aptamer B e e T
biosensor construct

Scheme 1. DNA Integrated Versatile Encoded-Aptamer biosensor (DIVE aptasensor) platform. The
DNA plasmid encodes the RNA aptamer biosensor and two fluorescent reporter genes. GFP is directly
coupled to the aptamer biosensor and mCherry acts as a noise control. Ubiquitous (ubi) promoters
control both genes, enabling constitutive expression in zebrafish. Tol2 arms are available for integrating
the plasmid into the zebrafish genome. The aptamer biosensor detects the presence of drug, enabling
GFP synthesis and a detectable signal. In the absence of the drug, the GFP gene is degraded and there
is no measurable green fluorescence.

For generating a highly robust biosensing signal, we included two gene reporters: GFP acting as the
biosensing transducer coupled to the aptamer sensor platform; and mCherry is constituently expressed
from the same plasmid (Scheme 1). All GFP measurements are therefore normalized to mCherry,
accounting for cell death/toxicity, varying concentrations of the transfected biosensor platform, and
cell-cell variations in gene expression.”® Given that our ultimate goal is to develop genetically encoded
biosensors that function across cell types and in a vertebrate model, we developed a custom plasmid
suitable for zebrafish and mammalian cells (Scheme 1, Figure S1). Specifically, GFP and mCherry are
controlled by the constitutive ubiquitous (ubi) promoter’* that is active throughout zebrafish
development. Furthermore, the plasmid contains 5’ and 3’ Tol2 transposable elements to facilitate
genome integration in zebrafish.”> An important feature of our biosensor system is that the fluorescent
proteins chosen for the mammalian screen are the same as those that are used in zebrafish without
codon optimization. In this way, the sequence context of the biosensor, which is encoded between GFP
and the polyA tail, remains constant and minimizes differences between mammalian cell and zebrafish
biosensing.

Given that cellular biosensing is inherently noisy,”® 76 we first wanted to establish suitable negative and
positive controls for our DIVE biosensing platform. We therefore cloned controls lacking the aptamer
sensing modules. Specifically, we produced an “always OFF” biosensor (negative control) composed of
an active self-cleaving ribozyme, and an “always ON” biosensor (positive control) composed of an
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altered ribozyme that lacked self-cleavage activity and therefore did not interfere with GFP expression.
For every measurement, we measured the GFP/mCherry ratio. As expected, the “always OFF” biosensor
resulted in very low GFP fluorescence relative to mCherry whereas the “always ON” biosensor resulted
in high GFP fluorescence, resulting in GFP/mCherry ratios of 0.5 and 3.4, respectively. Notably, the
“always ON” biosensor gave the same measured fluorescent ratios as the core plasmid containing only
GFP and mCherry (ratio = 3.6). Furthermore, the “always OFF” biosensor resulted in higher GFP signal
compared to the background fluorescence measured in the cells. However, when normalized to the
background mCherry signal, the relative ratios of GFP/mCherry for the “always OFF” biosensor were
comparable to the non-transfected cells (ratio of 0.7) (Figure 1). These controls established the upper
and lower limits for potential biosensing dynamic range.
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Figure 1. Testing the DIVE biosensing platform controls in HEK293T cells. (A) Workflow of the assay. (B)
Fluorescence measurements for each control: no transfection, the core plasmid containing only GFP and
mCherry, the “always OFF” negative control, and “always ON” positive control. GFP and mCherry
fluorescence is measured for each cell population. The relative GFP/mCherry ratio is then calculated and
plotted. Data are the mean and standard deviation of triplicates.

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 (Figure S2) 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 drug and 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.

Aptamer-ribozyme constructs adapted from yeast or mammalian cells”’7° were chosen for each of our
six drugs and incorporated into our DIVE plasmid to generate six individual genetic biosensor platforms.
Each DIVE aptasensor was transfected into HEK293T cells. We then incubated the cells with each drug
and performed a preliminary comparison of DIVE aptasensor activity following 72 h of drug uptake via
flow cytometry (Figure S3). In each case, we also included positive and negative controls. All six
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biosensors resulted in an increase in the relative GFP/mCherry ratio in the presence of the appropriate
target drug, confirming the function of the genetically encoded platform in mammalian cells (Figure 2).
Furthermore, our single-cell measurements by flow cytometry were consistent with bulk
measurements (Figure S4). The DIVE_theo sensor showed the highest response, with a 3.8-fold
increase in fluorescence as compared to in the absence of the drug. DIVE_gard, DIVE_acic, and DIVE_FA
biosensors resulted in up to a 1.9-fold increase in fluorescence as compared to the absence of drug.
Interestingly, except for the theophylline aptamer, each of the aptamers employed in the biosensors
bind to their drug targets with nanomolar dissociation constants under physiological magnesium
concentrations (0.5 mM)’°(Figure S5). In contrast, the theophylline aptamer, which resulted in the best
biosensor response, displays strong magnesium dependence, resulting in substantially weaker
micromolar binding (Kp =5 + 2 uM) at 0.5 mM Mg?* measured using a surface plasmon resonance assay
(Figure S5). Therefore, the difference in responses measured by our biosensors is not due to aptamer
affinity but rather reflect 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. Furthermore, folinic acid is a negative charged molecule that requires specific
membrane transporters for its transport in and out of the cell. HEK293T cells express these
transporters®! but tightly regulate the uptake, corresponding to the small but statistically significant
measured biosensor response. Indeed, previous reports demonstrate improved uptake of folinic acid
upon overexpressing the human folate transporter SLC46A1.7° Taken together, our results
demonstrate that the DIVE aptasensors enable single cell measurement of drug uptake.

5= [ nodrug i
= 3 drug T
E, 47 e ns
% 3= ] * %k %k k
s, - T
e * %

ull
0 I:II T T T T T T I:ll

Negative Positive DIVE_acic DIVE_FA DIVE_gard DIVE_neo DIVE_tet DIVE_theo
Control Control

Biosensor incubated in the absence and presence of its target drug

Figure 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_acic with aciclovir at 100
UM; DIVE_FA with folinic acid at 1 mM; DIVE_gard with gardiquimod at 50 uM; DIVE_neo with neomycin
at 2 mM; DIVE_tet with tetracycline at 500 uM; and DIVE_theo with theophylline at 1 mM. Data are the
mean and standard deviation of triplicates. p values from a two-tailed, unpaired t-test with Welch’s
correction are indicated. Significance summary: p > 0.05(ns), p < 0.01(**), p < 0.0001(****).

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

Given that the DIVE_theo and DIVE_gard biosensors showed the highest response when incubated with
their target drug, we next performed a dose-response study. As the nominal drug concentration was
increased, the relative GFP also increased. Data were fit to a dose response curve, resulting in half
maximal effective concentrations (ECso) of 257 uM (R% = 0.9928) for DIVE_theo and 1.3 uM (R? = 0.9242)
for DIVE_gard. Data were also fit using a simple linear regression establishing a linear dynamic range for
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the DIVE_theo biosensor of 8 and 320 uM and a limit of detection (LOD) of 7.5 uM (Figure 3A). For the
DIVE_gard biosensor, the linear dynamic range based on the nominal dose extended to 3 uM; however,
due to the high background expression of this biosensor, the LOD was approximately 1 uM (Figure 3B).
These results confirm that our encoded-aptamer biosensors enable the detection of drug uptake into
cells in a dose-dependent manner. Given that dose-response studies are essential in drug research and
development, providing critical information regarding safety and dosing,% our biosensors may be useful
for monitoring drug uptake in engineered cells or drugs encapsulated into delivery vehicles.

Specificity is critical in drug development to avoid negative side effects and toxicity.8> 8 We therefore
wanted to ensure that the aptamers maintained their specificity for their targets within the DIVE
biosensing platform. Specifically, we compared biosensor activity in response to analogs of their target
drugs. For the DIVE_theo biosensor we incubated cells separately with high concentrations of caffeine
which differs from theophylline by a single methyl group. Importantly, the DIVE_theo biosensor showed
almost no activity in the presence of caffeine. Even at 1 mM concentrations, the biosensor activity with
caffeine was comparable to background levels, highlighting its specificity (Figure 3C). For the DIVE_gard
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 (Figure 3D).
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Figure 3. DIVE aptasensor performance: dose response and specificity. Normalized fluorescence
intensity of GFP/mCherry ratios after incubating HEK293T cells with increasing concentrations of their
corresponding drugs (A) DIVE_theo. (B) DIVE_gard. Insets: linear dynamic range for each biosensor. (C)
DIVE_theo biosensor specificity in the presence of theophylline and caffeine. (D) DIVE_gard biosensor
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of triplicates. p values from a 2-way ANOVA with Sidak's multiple comparisons test indicated.
Significance summary: p > 0.05(ns), p £ 0.05(*), p < 0.01(**), p < 0.0001(****).
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Live cell imaging of biosensor activity in HEK293T cells

Towards our long-term goal of non-invasive drug monitoring, we next determined whether our DIVE
aptasensors would be suitable for live-cell imaging. We therefore evaluated the theophylline biosensor
in live HEK293T cells and compared the results to the negative and positive controls described earlier.
Cells containing DIVE_theo 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 conditions since mCherry is
constitutively expressed. The positive control “always ON” platform displayed bright green fluorescence,
whereas the negative control “always OFF” platform showed no green fluorescence (Figure 4A).
Excitingly, cells harboring our DIVE_theo biosensor treated with 0.5- and 1-mM theophylline displayed
bright green signals (Figure 4C) and almost no signals were observed in the absence of theophylline or
those treated with caffeine (Figure 4B and S6). Our live cell imaging results are comparable to the flow
cytometry measurements, thus confirming the robustness of our aptamer biosensors for noninvasive
live cell imaging of drug uptake

A
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Caffeine Theophylline
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GFP

mCherry

Light

Figure 4. Live cell imaging of drug uptake using DIVE aptasensors. (A) HEK293T cells expressing the
“always OFF” and “always ON” controls. (B) HEK293T cells expressing DIVE_theo and treated with

caffeine. (C) HEK293T cells expressing the DIVE_theo biosensor treated with theophylline. Scale bars:
100 pm.

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 biosensing capabilities in a whole vertebrate animal model. Zebrafish have
emerged as a powerful preclinical model for human disease and, importantly, respond to small
molecules and drug treatments at physiologically relevant doses.®> We therefore examined the function
of DIVE_theo in zebrafish. The biosensors and controls were integrated into the zebrafish genome using
Tol2-mediated transgenesis.”> 8 Fish were raised to adulthood and resulting F2 embryos expressing the
biosensors were used for experiments (Figure 5A). We performed all experiments using 1 mM
theophylline since zebrafish exhibited toxicity effects at higher drug concentrations (Figure S7),
consistent with theophylline dosing studies in patients®’ .

Transgenic embryos at 24 hours post fertilization (hpf) expressing DIVE_theo 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
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fluorescence after 24 h (Figure 5B). In comparison, there was no change in green fluorescence in the
fish that were not bathed in theophylline. In contrast, the “always ON” positive control biosensor was
not impacted by theophylline treatment, confirming that the green signal resulted from DIVE_theo
detecting theophylline drug uptake (Figure S8). By quantifying the fluorescent signals, the animals
treated with 1 mM theophylline 24 hpf showed a 5.9-fold increase in signal as compared to fish that did
not receive the drug (Figure 5C). This value is comparable to the 3.8-fold signal generated in mammalian
cells with 1 mM theophylline. 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 aptasensors that function in
zebrafish. Given the short time (days) to test biosensors in mammalians cells compared to (weeks-
months) in zebrafish, this would greatly enable the development of new zebrafish biosensing tools.
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Figure 5. Noninvasive imaging of drug uptake in zebrafish using DIVE aptasensors. (A) Workflow for
generating zebrafish expressing the DIVE aptasensors. (B) Representative brightfield and fluorescent
micrographs from 24 hpf embryos containing the integrated biosensor plasmid (Ubi:GFP-DIVE_theo;
Ubi:mCherry). Embryos were bathed in 1 mM theophylline beginning at 24 hpf then imaged at 4 h and
24 h after theophylline treatment. 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 two-tailed, unpaired t-test with Welch’s correction are indicated.

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 dynamics from different drug formulations, or to compare tissue specificity.
Furthermore, drug uptake can be directly compared to animal behavior due to the live and noninvasive
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.® For example, 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
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in response to specific target molecules, we addressed a major challenge in noninvasive 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 response rates, but the light-up aptamer dyes are expected to exhibit irregular
distributions across the animal, hence complicating precise drug uptake monitoring. 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, toxicants, lipids, and
proteins. As such, our DIVE biosensing platform can be theoretically expanded to detect nearly any
molecule that accumulates in the cytosol, enabling live cell imaging or noninvasive whole animal
monitoring for a plethora of applications.

CONCLUSION

In conclusion, we developed genetically encoded aptamer biosensors suitable for use in mammalian
cells and zebrafish representing the first example of an encoded aptamer sensor in a transgeneic
vertebrate. We compared different aptamer-based biosensors to a panel of pharmaceuticals, with
theophylline and gardiquimod biosensors showing the best 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 at various
timepoints. We anticipate that these biosensors will be useful for a range of applications, from
environmental toxicity monitoring to studying drug pharmacokinetics and formulation.

METHODS

Reagents and small molecule drugs

All reagents were obtained from commercial suppliers and used without further purification.
Oligonucleotides were purchased from IDT without further purification (Coralville, IA, USA). Aciclovir
(A4669), Gardiquimod (cat# SML0877-5 mg), Resiquimod (cat# SML0196-10 mg), theophylline (cat#
T1633), tetracycline (cat# 87128-25G), caffeine (cat# C0750-100G), and neomycin (cat# N1876-25G)
were purchased from Millipore Sigma (Burlington, MA, USA). (6R,S)-5-formyl-5,6,7,8-tetrahydro folic
acid, calcium salt (cat# 16.220-5) was purchased from Schircks Laboratories (Bauma, Switzerland). Gibco
Dulbecco's Modified Eagle Medium (DMEM), Gibco antibiotic-antimycotic (100X), Gibco trypsin, Gibco
fetal-bovine serum (FBS, cat# A3160702), Gibco PBS, and Lipofectamine-3000 (cat# L3000015) were
purchased from Fisher Scientific. No unexpected or unusually high safety hazards were encountered.

Genetically encoded aptamer biosensor construction

A custom-made plasmid, compatible for expression in zebrafish was designed and assembled for use as
the backbone vector (core plasmid) for biosensor insertion. The plasmid was sequenced verified at
Plasmidsaurus. Each aptamer construct was produced via overlap extension PCR, purified, and
assembled into the linearized plasmid in the 3'-UTR of GFP at the Xmal restriction site using Gibson
assembly (see Figure S1). The Gibson mix was then transformed into competent TOP10 E. coli and
cultured overnight at 37 °C. Colonies were picked, grown, purified, and sequence verified by Sanger
sequencing using forward and reverse sequencing primers (Table S1).

Cell culture and transfection
Human embryonic kidney (HEK293T) cells were cultured in DMEM supplemented with 10% FBS and 1%
antibiotic (penicillin and streptomycin)-antimycotic. The cells were cultured at 37 °C in a humid
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atmosphere with 5% CO,. 2x10° cells were seeded in each well of a 24-well plate. After 24 h, the cells
were treated with drug and transfected with 0.5 pg of biosensor plasmid using Lipofectamine-3000.

Measuring single-cell biosensor response

After 72 h of incubation, cells were detached from the culture dish by incubating with trypsin for 3 min.
DMEM was then added and the cells were transferred to an Eppendorf tube. The tubes were
centrifuged, then the media was removed and replaced by PBS supplemented with 1% BSA. 20,000
cells from each sample were analyzed using the BD Accuri C6 plus Flow Cytometer with the
corresponding filters for GFP (ex/em: 488/510 nm) and mCherry (ex/em: 587/610 nm). Data were
processed and analyzed using the standard software package FlowJo (Mac version 10.8.1; FlowlJo).
Specifically, data were first converted into a FlowJo-compatible format (FCS3.1). Then, viable cells were
isolated through two consecutive gates: 1) Scatter gate: side scatter (log) vs. forward scatter (linear); 2)
Singlet gate: height vs. area of forward scatter (linear). The median EGPF level for an isolated group of
viable cells under each experimental condition was exported and plotted in GraphPad Prism (v8.4.3).
Each experiment was done in triplicate. The error bars represent the standard deviation for the three
replicates. The limit of detection (LOD) was calculated using the following equation:*?

LOD = 3.3 X (Standard deviation of background)/Slope (1)

Live cell imaging

2x10° cells were seeded in each well of a 24-well plate. After 24 h, the cells were transfected with 0.5
ug of the appropriate biosensor-contained plasmid using Lipofectamine-3000. After 48 h, cells were
analyzed by Evos light microscopy using the 40X objective. Fluorescence of GFP (ex/em: 488/510 nm)
and mCherry (ex/em: 587/610 nm) were imaged, respectively.

Zebrafish husbandry

Zebrafish [WT AB (ZL1) and Casper (ZL1714)] were purchased from the Zebrafish International Resource
Center (ZIRC). Adults were maintained at 28.5°C in a recirculating system (lwaki Aquatics) on a 14:10 h
light:dark cycle and fed in the morning with Ziegler’s adult zebrafish diet and in the afternoon with brine
shrimp. Embryos were obtained through natural mating and cultured at 28—-30 °C in E3 medium.
Embryos were staged as described previously.?* All zebrafish larvae were raised on a rotifer/brine shrimp
diet starting at 5 days post fertilization (dpf) unless otherwise indicated. The IACUC committee at East
Carolina University approved all animal procedures (AUP#W262).

Testing the toxicity of small molecule drugs in zebrafish

A 25 mM stock solution of theophylline was prepared in E3 medium. The fish were loaded into a 6-well
plate and imaged 2 h post dosage (hpd), 4 hpd, 8 hpd, and 24 hpd. Each well in the 6-well plate had
approximately 45 fish per well. Three dosages of drug (0.5 mM, 1 mM, and 2 mM) were used alongside
an untreated control group. The wells that housed the fish were filled with 11 mL of E3 buffer and dosed
with an amount of drug appropriate for the target concentration. The 6-well plate was then stored in
an incubator set to 28° C. At each chosen timepoint, 10 fish were removed and imaged. Total body
length was then measured using Olympus cellSens software. Values were recorded in an Excel
spreadsheet.
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Transgenic zebrafish

Transgenic zebrafish were generated using Tol2-mediated transgenesis.”> 8 Plasmid DNA and Tol2
MRNA were premixed and co-injected into one-cell-stage WT embryos (50 pg of plasmid; 50 pg of
mRNA). Fish were raised to adulthood and mated with Casper fish to identify founders with germline
transmission. The resulting F1 embryos were again outcrossed to Casper fish and a single F2 adult for
each line was used to generate embryos for this study.

Zebrafish imaging and fluorescence intensity quantification for zebrafish measurements

Live larvae were mounted laterally on a glass slide using 1.0% low melting point agarose. Larvae were
imaged on a Leica M165 equipped with a Flexacam C3 Color CMOS camera. Images were saved as TIFFs
and imported into FlJI. Pixel intensities were quantified in FlJI by using the polygon tool on the bright-
field image to circumscribe the trunk of the zebrafish. The average fluorescence intensity within the
same region of the corresponding fluorescent micrograph was reported. Values were exported to an
Excel spreadsheet, wherein background pixel intensity from above the trunk region were subtracted
and the GFP/mCherry ratio calculated.

Statistics of zebrafish experiments

Embryos from each mating were randomly distributed across tested conditions, and unfertilized and
developmentally abnormal embryos were removed prior to compound treatment. No statistical
methods were used to determine sample size per condition. Values for individual fish are plotted, and
each distribution was assessed using the Shapiro-Wilk test and determined to be normally distributed.

ASSOCIATED CONTENT
All data supporting the findings of this study are available in the main text or the supplementary
materials.
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