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ABSTRACT: Detection of environmental pollutants is crucial to safeguard ecological and public health. Here, we report a modular
biosensing approach for the detection of contaminants based on the regulation of a minimal DNA signal amplifier and transducer
circuit by allosteric transcription factors and their cognate ligands. We leverage the competition between allosteric proteins and an
endonuclease to modulate cascade toehold-mediated strand displacement reactions, which are triggered in the presence of specific
effectors and sustained by the endonuclease. We built two optical biosensors for the detection of tetracyclines and macrolides in
water using repressors TetR and MphR, respectively. We demonstrate that our minimal, fast, and single-step biosensors can
successfully detect antibiotics in nanomolar levels and apply them to report the presence of spiked-in antibiotics in water samples in
a matter of minutes, suggesting great potential for monitoring of water contaminants.

KEYWORDS: small molecule biosensor, transcription factor, antibiotic detection, toehold-mediated strand displacement

onitoring of small molecules in the environment has
become crucial to safeguard human and environmental
health. Antibiotics, metals, and other pollutants have been
found in water bodies all around the world as a consequence of
anthropogenic emission and geological sources.' * Unfortu-
nately, conventional analytical methods like high performance
liquid chromatography (HPLC) and mass spectrometry
(MS)>° are not scalable enough to cover the demand for
water monitoring in most affected areas, due to costly
equipment and infrastructure, logistic challenges that involve
sample transportation and storage, and the need of skilled
personnel to perform the analysis and interpret the results.
Biosensors are a viable alternative for detection of many
water pollutants, ideally being easy-to-use and field-deployable,
and requiring little to no energy to function.”” Among
different sensor biomolecules, allosteric transcription factors
(aTFs) are used to build biosensing circuits orchestrated by
protein—ligand—nucleic acid interactions to sense specific
analytes, such as small molecules, and trigger signal trans-
duction reactions that output measurable optical or electro-
chemical signals.'”'" The growing characterization and
engineering of aTFs hold great potential for the development
of biosensing platforms for a variety of cognate chemicals.'*~"*
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Over the years, many aTF-based biosensors have been
reported using aTFs with different signal transduction and
amplification strategies, such as qPCR, loop-mediated
isothermal amplification (LAMP), recombinase polymerase
amplification (RPA), CRISPR-Casl12/13 systems, in vitro
transcription, and so forth."”™"" However, many of these
approaches still require multiple preparation or preincubation
steps, temperature cycling, long turnaround time (>100 min),
conjugation and protein immobilization/modification, complex
formulation, low sensitivity, and high variability, among others.

Our goal was to build a simple, fast, single-step biomolecular
circuit to transduce and amplify aTF-ligand binding events.
Dynamic nucleic acid strand displacement reactions are well
suited for simple and thermodynamically controlled cir-
cuits.”*"** In toehold-mediated strand displacement (TMSD)
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Scheme 1. Design of the Biosensor”
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“An aTF and the restriction enzyme Hgal allosterically regulate cycling toehold-mediated strand displacement reactions enabled by Hgal cleavage.
In the signal amplification stage (blue rectangle), the DNA template (S) is recycled, and a fluorescent signal is generated through continuous
cleavage of a labeled invading probe (IP) sustained by strand displacement. The minimal and modular design of the biosensor enables one-pot, fast
detection of ligands. S, DNA template; IP, Invading Probe; S-IP, DNA template/IP intermediary; aTF, allosteric transcription factor. a and b

indicate different DNA domains, and (') indicates complementarity.

reactions, an oligonucleotide binds to a toehold (a dangling
single-stranded region of a dsDNA) and triggers a branch
migration step, resulting in the displacement and dissociation
of the strand originally hybridized in the double-stranded
substrate.”>*® However, one condition for toehold exchange
reactions to sustain is the repetitive interaction between target
and probe oligonucleotides to thermodynamically drive the
reaction through exposure and sequestration of toehold
domains. Therefore, the activation of DNA circuits, with a
few exceptions,””** relies mostly on nucleic acid inputs.

In this study, we report a signal transduction and
amplification mechanism based on TMSD reactions that is
actuated by small molecules via the allosteric regulation of
ligand-responsive transcription factors. The allostery of tran-
scription repressors regulates the kinetics of toehold-mediated
strand displacement reactions and enables minimal, rapid, and
programmable optical biosensors. Their utility and modularity
were demonstrated by detecting antibiotics from two different
families in environmental water samples using specific aTFs.

B RESULTS

Biosensor Principle and Design. Toehold-mediated
reactions for signal amplification mechanisms rely on the
interaction between oligonucleotide target and probes at
different toehold domains. Hence, the first step in our design
was to trigger the generation of a toehold domain in a DNA
template induced by a ligand input. For this, we leveraged the
competition between an aTF and a restriction enzyme for the
same DNA template to regulate the activity of the latter. In
Scheme 1, the restriction enzyme Hgal competes with an aTF
for the operator sequence in a double-stranded DNA template
(S), which contains the Hgal recognition site (HRS) upstream
of the operator. When the cognate effector (Ligand) is absent,
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the aTF binds to the operator and protects it from Hgal
cleavage. Conversely, the formation of the aTF/ligand complex
allows Hgal to bind and cleave S, leaving a product with a S-
nucleotide-long overhang on the 3'. This toehold domain (a)
acts as the nucleation site for an invading strand (IP) that
contains a fluorophore/quencher pair and results in the
displacement of the short strand of S (b’). The new dsDNA
fragment (S-IP) enters a cycle of continuous cleavage by Hgal
and regeneration by IP, resulting in the accumulation of a
displaced fluorescent strand (P). Thus, the presence of a
specific ligand is visualized as an increase in the fluorescent
signal.

The strength of toehold-mediated strand displacement is
driven by the toehold length, where a toehold of five or more
nucleotides yields a maximum reaction rate of ~1 X 10° M™*
s71.2° Hence, a mechanism that generates an overhang of this
length would make the reaction possible. Hgal is a type II
restriction enzyme that recognizes asymmetric DNA sequences
and cleaves outside of its recognition site. This is desirable
because it allows the design of DNA templates with different
operator sequences specific to other aTFs.

aTFs Can Regulate Toehold-Mediated Strand Dis-
placement Reactions. We first investigated whether an aTF
could protect the DNA template from Hgal cleavage. We
chose the well-characterized tetracycline repressor and its
operator, TetR and tetO, respectively. Tetracyclines are widely
used in agriculture and farming, and their detection in water
and soil is urgently needed.”” We used the electromobility shift
assay (EMSA) to confirm that TetR binds to the DNA
template containing tetO and releases it in the presence of
tetracycline (SI Figure Sla). Next, we evaluated the effect of
spacing between the Hgal recognition site and tetO using
templates that contained 2, 4, 6, 8, 10, and 12 bp spacers
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Figure 1. Regulation of TMSD by allosteric Transcription Factors. (a) Illustration of the effect of 2X-bp spacers (Nj,, X = 0—6) on the protection
of the DNA by TetR from Hgal cleavage and its regulation upon addition of tetracycline (Tc). Complete PAGE results can be found in Supporting
Information (SI) Figure Sib,c. (b) Illustration of signal amplification stage enabled by constant cleavage and regeneration of a quenched DNA
fluorescent substrate. (c) Linear relationship between the Invading Probe concentration and the cleavage rate (fluorescence slope). DNA template
= 50 nM. (d) Decrease in the fluorescence intensity as a result of TMSD repression by different concentrations of TetR. DNA template = S0 nM,
IP = 1.25 uM. Symbols indicate mean values and error bars indicate s.d. n = 3 (c,d).

(Ny_1,)- We incubated each of the templates with TetR and
Hgal for 30 min at 37 °C prior digestion of the proteins with
proteinase K and used polyacrylamide gel electrophoresis
(PAGE) to view the cleaved products. We observed that DNA
containing 0—6 bp spacers showed one band in PAGE,
suggesting that TetR can protect the DNA from cleavage when
the operator sequence is located up to 6 bp downstream of the
Hgal recognition site. Spacers longer than 6 bp did not protect
the DNA from Hgal cleavage and are shown as two shorter
bands in PAGE. Therefore, we decided to position the HRS
immediately upstream (N,). Finally, we observed allosteric
control of cleavage upon addition of tetracycline to protected
DNA (DNA/TetR complex), which resulted in shorter bands
observed in PAGE (Figure la, SI Figure S1b,c).

Next, we sought to corroborate that the toehold-mediated
strand displacement reactions were occurring as shown in
Figure 1b. We set up reactions containing the DNA template
(S), Hgal, and different ratios of invading probe (IP) over S
ranging from 1-fold (1X) to 25-fold (25X). As expected,
increasing concentrations of IP resulted in higher accumulation
of the displaced fluorescent product (P). We observed that the
slope of the fluorescence intensity showed a good linear
relationship (R* = 0.9981) with the concentration of IP in the
first 5S—30 min of reaction (Figure 1c; SI Figure S2a,b). In this
time frame, 2.5X, 5X, 10X, and 25X were 1.6, 2.8, 4.7, and 10
times, respectively, faster than the equimolar reaction (1x).
Hence, we chose 25-fold excess over S for future reactions.

In our strategy, the sensitivity is directly related to the
concentration of aTF. This is because any excess of aTF will
act as a ligand chelator and desensitize the sensor, as
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demonstrated by Lucks’ group to shift the sensitivity of a
copper sensor using aTF-regulated in vitro transcription
reactions.” Because of thermodynamic equilibrium, if the
concentration of the transcription factor is reduced, the DNA
template would need to be lowered accordingly maintaining
the stoichiometry. At the same time, the concentration of DNA
would need to be enough to trigger the TMSD reactions, so we
chose 50 nM as the minimum concentration of DNA (SI
Figure S2c).

We then validated that the blockage of Hgal by TetR
observed in PAGE was applicable to the full TMSD reaction.
Based on the EMSA results that confirmed the allostery of
TetR (SI Figure Sla), different excesses of TetR ranging from
1X to 4X were added to TMSD reactions. We observed an
increase in fluorescence during the first 5 min for all the
reactions, which we believe is the time required for the
stabilization and possibly nonspecific interactions. Hence, we
took the S min mark as the start of the reactions. We found
that 2-fold excess of TetR was enough to repress the overall
reaction and kept the fluorescence intensity at practically zero
over 60 min (Figure 1d; SI Figure S3).

To support the results of the repression and further expand
the range of small molecules that can be sensed, we applied the
same strategy using MphR and mphO, which are a macrolide-
responsive transcriptional repressor and its operator sequence,
respectively. The reduction in the fluorescence rate and
intensity as the concentration of MphR increased was
confirmed (SI Figure S4). However, to repress the reaction
by ~90%, a significantly higher concentration of MphR was
needed, compared to TetR (3 #M and 100 nM, respectively).
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Figure 2. Activation of TMSD signal amplification reactions by small molecules. (a) Fluorescence intensity of induction at a range of tetracycline
concentrations (*p-value <0.05; **p-value <0.005 using a two-tailed t test; data taken at 20 min with the 5 min mark as the starting point). DNA
template = S0 nM, TetR = 75 nM. (b) Linear relationship between fluorescence rate and tetracycline concentration in the 25—500 nM range. (c)
Fine tuning of tetracycline biosensor. End-point (at 20 min) fluorescence intensity of biosensors repressed over a range of TetR concentrations
(150 nM to UR: 0 nM, unrepressed) induced by tetracycline 0—S00 nM. Values represent the average AU of fluorescence of 2 independent
replicates. (d) Linear relationship between fluorescence rate and erythromycin concentration in the 100—2500 nM range. DNA template = S0 nM,
MphR = 3 uM. All the stated concentrations of ligands are sample concentrations. Final ligand concentrations correspond to half of the indicated in
each figure. Symbols and bars indicate mean values and error bars indicate s.d. n = 3 (a, b, d); n = 2 (c).

This was expected as the dissociation constant (K;) of MphR
and its operator is 3 orders of magnitude higher than that of
TetR/tetO (574 nM vs 0.2 nM).””"" Interestingly, the kinetics
of all reactions remained with a linear behavior with slope
approximating zero as the fold-excess of aTF increased.

Allosteric Regulation of TMSD Enables Small Mole-
cule Detection. Knowing that the fluorescence rate depends
on the amount of free DNA template, we did simulations of
the DNA—aTF-ligand interactions to evaluate the repression
and induction of the reactions with aTFs and ligand,
respectively (SI Note S1, SI Figure SS). As seen on the
mathematical model, increasing concentrations of ligand with
fixed concentrations of repressor result in more free DNA
template to be recycled in TMSD reactions and behaves as a
characteristic ligand-binding curve. Thus, as the rate of the
target-recycling TMSD reactions is proportional to the
concentration of DNA template, we would expect the
fluorescence intensity rate of the induced reactions to behave
like the curves obtained.

We next induced the de-repression of TMSD reactions with
the aTFs’ cognate ligands. We performed the reactions over a
range of concentrations of tetracycline in systems containing

75 nM of TetR and 50 nM of DNA template. Fluorescence
intensity followed consistent linear kinetics in the first 5—30
min with increasing slopes as the concentration of tetracycline
increased (Figure 2a, SI Figure S6a). The fluorescence
activation response followed a qualitative trend as in the
model, and the slope of the fluorescence intensity showed a

linear relationship (R* = 0.9912) with increasing concen-
trations of the target in the range of 25—500 nM (Figure 2b, SI
Figure S6).

For some applications, detection of contaminants such as
arsenic, copper, or lead (for which there are known aTFs) can
be simplified to litmus-type biosensors with known thresholds
or “safe limits” determined by institutions like USEPA and
WHO.?>*® In such cases, we can tune the biosensor to trigger
the signal amplification cycle at higher analyte concentrations
by increasing the concentration of the repressor. In our results,
although we could detect as low as 25 nM of tetracycline,
repression with 75 nM of TetR resulted in only partially
repressed reactions and significantly reduced the fold-change
between negative and induced reactions. We induced the
biosensors, repressed with varying concentrations of the TetR
repressor, with a range of tetracycline concentrations to
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evaluate their sensitivity. Increasing concentrations of TetR
shifted the biosensor’s sensitivity to higher concentrations of
tetracycline. For example, using 100 nM of repressor could no
longer trigger TMSD upon induction with 25 nM of
tetracycline. Similarly, fluorescence activation by 100 nM of
the ligand is virtually negligible when the biosensor is repressed
with TetR 150 nM. Importantly, both cases resulted in null
fluorescence in the absence of the ligand (Figure 2c). We
believe this allows a clearer readout, can avoid potential false
positives, and ensures a more robust detection by increasing
the fold-change between repressed and induced conditions,
which is desired for further adaptation of the system in field-
deployable strategies. It is noted, however, that desensitizing
the biosensor with high fold-excess of repressor over DNA
template could result in slower reactions due to lower free
DNA in equilibrium even at high concentrations of ligands as
observed in the mathematical model. This effect might be
counteracted by using a higher concentration of DNA and a
fold-excess of repressor that can still fully repress the reaction
(SI Figure SSc). However, further analysis and experimental
work are necessary to investigate whether the scenarios of
small molecules with different dissociation constants would
follow this prediction.

Finally, when using MphR and its corresponding DNA
template and Invading Probe, as little as 100 nM of
erythromycin could be detected. Similarly, the reaction rate
had a linear relationship in the range of 100—2500 nM of the
analyte (Figure 2d, SI Figure S7).

In all scenarios, we observed that though the fluorescent
signal increases proportionally to the analyte, it does not reach
the rate and intensity of unrepressed reactions as there is
always a fraction of DNA bound with aTF due to
thermodynamic constraints even at high ligand concentration
(SI Figure SSab). Altogether, these results indicate that
allosterically regulated TMSD reactions can be used as
biosensors, allowing optical readouts in a ligand concen-
tration-dependent manner within S to 30 min.

Detection of Antibiotics in Environmental Samples.
To test the applicability of the biosensors, we used environ-
mental matrices. We collected water samples from a pond in
Hong Kong and performed the reactions with these instead of
laboratory-grade water (Milli-Q). First, we evaluated the effect
of the filtered samples (0.4S ym syringe-filter) on unrepressed
and repressed TMSD reactions. We observed that the
unrepressed reactions occurred as expected but with a
reduction in fluorescence. Importantly, repressed reactions
with their corresponding aTF resulted in similar kinetics and
final fluorescent intensity slightly lower than of those with lab-
grade water (SI Figure S8). Later, we confirmed that
biosensors are only activated by their cognate ligands spiked
in water samples, showing no crosstalk with other antibiotics
(Figure 3).

B DISCUSSION

Traditional DNA-based molecular circuits have mostly relied
on RNA/DNA triggers. In this study, we demonstrated the
modular and programmable actuation of a simple DNA circuit
by small molecules, leveraging the specificity of allosteric
transcription factors for cognate ligands and the modularity of
enzyme-enabled toehold mediated strand displacement reac-
tions. By allosterically controlling a signal amplification cycle of
DNA cleavage and strand displacement, we built two optical
biosensors that respond to tetracycline and erythromycin. The

375

Research Article
a ),
Ligand e
spike-in /" [ 4
/ EN
/\ /
(93 NH2
N =5
~ & [) o IN\><
N o %
J~
- acl
. Ampicillin
B OH |
Sapiely |
NNo 0 N OH
OH O HOHO o % on
NH, On HO: O HOZ5: OH
o i Hol 12 NH;
3 OH { /m
Ho MR —,0 OHyN ONH,
AN
OH
_ . Kanamycin
Tetracycline Erythromycin
N -
EdsDNA Buffer aTk
-
H Competing l HO
H s :
Probe enzyme ample H J
....................... < I N
- Sample
C

TetR

MphR

2000 8000

ns

1500 6000

ns
1000 4000-

ns

ns

Fluorescence (AU)
Fluorescence (AU)

@

3

S
1

2000+

Tc Ery Amp Kan WS Tc Ery Amp Kan WS
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collection, samples were spiked with different antibiotics (where
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overall workflow from sample filtration to result can be accomplished
within 25 min. (C) The sensors successfully reported the presence of
spiked-in antibiotics in water samples with no crosstalk. 500 nM
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results reported here support the usefulness of our biosensors
to detect small molecules in environmental samples from
surface waters with only minimal pretreatment.

The biosensors presented here suggest the possibility to
adapt a minimal, fast, affordable, and single-step strategy to
other aTFs/ligands. Leveraging the modularity and specificity
of DNA reactions, we anticipate that multiplexed sensors can
be built and tuned to detect many targets at different
thresholds. Nevertheless, a few limitations of the method
arise. We observed that aTF/DNA binding is affected in
different conditions (data not shown). Buffer composition and
ion concentrations are factors that directly affect dissociation
constants between aTFs, DNA, and ligands, which could
impact the sensitivity and rate of the reactions because of
changes in the amount of free DNA in equilibrium. Optimizing
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the reaction composition, using a different restriction enzyme
that operates in a more suitable buffer, or even utilizing
engineered aTFs with improved binding are some of the
alternatives to these limitations.

We observed a reduction in the fluorescence signal when
detecting antibiotics in spiked environmental water samples.
This suggests that more complex matrices may have a larger
negative effect on the reactions, through inhibition of the
enzyme activity or fluorescence quenching. While only filtering
the water with a 0.45 uM syringe filter was sufficient for water
samples, samples with different physical and chemical proper-
ties (wastewater, soil, drinks, etc.) may require more
sophisticated sample preparation methods, such as solid-
phase extraction. In cases where the “safe limit” of the analyte
and sensitivity of the biosensor allows, dilution could be a
simple alternative to decrease matrix effects.

Investigation into preservation techniques such as freeze—
drying could potentially enable the deployment of these
biosensors in the field,>* using different instruments such as
hand-held or smartphone-based fluorometers, or other
colorimetric readouts.””™*” The ~6-fold increase in fluores-
cence signal using environmental samples is comparable to
recently reported water contaminant biosensors.'” However,
the signal intensity obtained after 20 min of reaction might be
too low for visualization with the naked eye using simple
portable devices such as an illuminator. Portable devices with
specific components such as a photodiode, a heating element,
and a design that blocks external light for reliable detection
would be more suitable for field deployment. Many reported
prototypes could be adapted for this application using
inexpensive off-the-shelf components, 3-D printing, and
open-source software,””*® with the potential to expand the
capabilities of the biosensor to quantitative detection. More-
over, we believe that our strategy can be deployed using other
formats, such as lateral flow assays, with minimal modification
of the invading probe.

Overall, this work demonstrates a novel actuation mecha-
nism of DNA-based circuits applied to modular, simple, and
fast detection of small molecules. Further development and
integration of different technologies into consolidated plat-
forms is key to leveraging the potential of DNA reactions to
sense and report the presence of non-nucleic acid targets in the
environment.

B METHODS

Strain and Growth Medium. E. coli BL21 DE3 (Sangon,
China) was used for recombinant protein expression. The
growth media used was Lysogeny (LB) agar or broth
supplemented with kanamycin (Thermo Fisher Scientific
#]17924) (50 ug/mL).

Plasmid and DNA Parts. pET-28a plasmids encoding
aTFs were ordered directly from Sangon Biotech. They were
designed to express the proteins with a C-terminus His-tag (SI
Table S1). DNA oligonucleotides to form the dsDNA sensor
and DNA fluorescent probes (5'6-FAM—3’BHQ1) were
ordered from Integrated DNA Technologies (SI Table S1).
The complementary oligonucleotides were annealed in Tris-
EDTA (TE) buffer pH 7.5, 12.5 mM MgCl, with a final
concentration of 10 uM of dsDNA using a thermocycler (95
°C 5§ min, —0.5 °C/min, 20 °C 10 min). Dilutions to final
working concentrations were made accordingly with TE buffer
pH 7.5.

376

aTF Expression and Purification. Streak-plating onto LB
Agar supplemented with kanamycin was used to pick single
colonies of E. coli BL21 DE3 containing pET-28a. A single
colony was used to grow a 10 mL overnight culture at 200 rpm
and 37 °C, and this subsequently a 500 mL culture. At OD600
of 0.5, the culture was induced with 250 uM IPTG (Sigma-
Aldrich #16758) and grown for S h in the same conditions. Cell
pellet was recovered after centrifugation at 4000 rpm for 20
min and resuspended in lysis buffer (PBS pH 7.4 (Thermo
Fisher Scientific #28372), 1X Halt Protease Inhibitor (Thermo
Fisher Scientific #1861278), 10 mM Imidazole) or kept at —20
°C for a maximum of 7 days in PBS pH 7.4. The suspension
was ultrasonicated on ice (5 cycles of 1 min with 1 min of rest,
50% duty cycle) and centrifuged at 13,000¢ for 30 min. The
supernatant was then used to purify the His-Tagged proteins
using Ni-NTA agarose (Qiagen # 30210) in gravity column
(10 mM, 25 mM, and 250 mM imidazole in PBS for
equilibration, washing, and elution, respectively). Centrifugal
filters (Amicon Ultra 4, Millipore) were used to desalt (final
buffer was PBS) and concentrate the purified protein.
Confirmation of the purification was carried out by reducing
SDS-PAGE 12% (SI Figure S9) and concentration determi-
nation by Bradford Assay. Proteins were kept at —20 in 50%
glycerol, and dilutions were made accordingly with PBS.

Gel Electrophoresis and Electrophoretic Mobility
Shift Assay. PAGE 12% (room temperature at 90 V in
TBE 1X buffer) was used to visualize the activity of Hgal on
DNA templates with spacers of different length (SI Figure
S1b). Reactions containing DNA template, TetR, and Hgal
were incubated at 37 °C and stopped after 30 min by addition
of Proteinase K (New England Biolabs #P8107S) and
incubation for 10 additional minutes. This step was to stop
Hgal and release any noncleaved DNA from TetR. PAGE 12%
under the same conditions was also used to show the products
of TMSD reaction (SI Figure S2).

To evaluate the allostery of the TetR (SI Figure Sla,c)
dsDNA was mixed with the different ratios of the aTF and
equilibrated in NEBuffer 1.1 (New England Biolabs #B7201S)
at room temperature. EMSA was carried out on PAGE 10% at
room temperature at 90 V in TBE 1X buffer. Post staining was
done with SYBRGold (Thermo Fisher Scientific #511494) 1x
in TBE 1X buffer.

Reaction compositions are as described in the corresponding
figures, and all were performed using final concentration of 1X
NEBuffer 1.1 (New England Biolabs #B7201S), unless
indicated otherwise.

Hgal/Toehold-Mediated Strand Displacement Reac-
tions. Reactions were set up by adding Buffer 1.1 (New
England Biolabs), dsDNA template, invading strand, aTF,
nuclease-free water (Integrated DNA Technologies) or sample,
and Hgal (New England Biolabs), to a final volume of 10 uL.
Immediately after adding Hgal, 6-FAM fluorescence intensity
was monitored over 30—120 min on a CFX96 Touch Real
Time PCR Detection System (BioRad) on Channel 1. Detailed
formulation of Hgal restriction reactions can be found in SI
Table S2.

Water Sampling and Processing. Water samples were
taken from a pond in eastern Hong Kong (22.332022,
114.245774). Samples were collected in sterile SO mL Falcon
tubes and transported to the lab at room temperature (1 h). In
the lab, they were filtered using a 0.45 pm syringe filter and
immediately used for the reactions. Corresponding samples
were spiked with known concentrations of tetracycline (Sigma-
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Aldrich #87128), erythromycin (Sangon Biotech CAS#114—
07—8), kanamycin (Thermo Fisher Scientific #]17924), or
ampicillin (Sigma-Aldrich #A9518) prior to filtering. All
reactions using water samples (spiked or not) were performed
on the day of collection, with a maximum of 2 h between
collection and reaction. For data shown in Figure 3, S00 nM
(final concentration 250 nM) antibiotics was used to test the
TetR-based biosensor, and 2.5 yM (final concentration 1.25
nM) was used with the MphR-based biosensor. 50 nM of DNA
template and 1.25 uM of Invading Probe were used in all
reactions (SI Figure S8 and Figure 3).

Data Processing and Visualization. All raw data was
processed and analyzed with Microsoft Excel and GraphPad
Prism 8. All graphs were generated with GraphPad 8 and
Matlab. Schemes and illustrations were created with Bio-
render.com.
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