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Nucleic acid sensors have realized much success in detecting positively charged and neutral molecules, but
have rarely been applied for measuring negatively charged molecules, such as fluoride, even though an
effective sensor is needed to promote dental health while preventing osteofluorosis and other diseases.
To address this issue, we herein report a quantitative fluoride sensor with a portable fluorometer readout
based on fluoride riboswitch-regulated transcription coupled with CRISPR-Casl3-based signal
amplification. This tandem sensor utilizes the fluoride riboswitch to regulate in vitro transcription and
generate full-length transcribed RNA that can be recognized by CRISPR-Casl3a, triggering the collateral
cleavage of the fluorophore-quencher labeled RNA probe and generating a fluorescence signal output.

This tandem sensor can quantitatively detect fluoride at ambient temperature in aqueous solution with
Received 28th June 2021 high sensitivity (limit of detection (LOD) = 17 uM), high selectivity against oth i id
Accepted 20th July 2021 igh sensitivity (limit of detection = 1.7 uM), high selectivity against other common anions, a wide
dynamic range (0-800 uM) and a short sample-to-answer time (30 min). This work expands the

DOI: 10.1039/d1sc03508h application of nucleic acid sensors to negatively charged targets and demonstrates their potential for the
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Introduction

Functional nucleic acids,"” such as aptamers,*” riboswitches,*’
ribozymes,'*** and DNAzymes,***® have emerged as a major
class of sensors for on-site and real-time detections in appli-
cations such as environmental monitoring>** and point-of-care
diagnostics®?* of a wide range of targets with high selec-
tivity.>*° Despite the progress, these functional nucleic acid
sensors work well mainly for positively charged or neutral
molecules. Although anions are important analytes,*" only one
nucleic acid sensor has been reported for chloride imaging,
which utilizes a nucleic acid strand conjugated with an anion-
specific organic molecule for sensing.*> Among these anions,
fluoride is one of the most attractive targets due to its signifi-
cant association with biological, medical, industrial, and
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on-site and real-time detection of fluoride in environmental monitoring and point-of-care diagnostics.

environmental processes.*** On one hand, as an essential
element for living organisms, fluoride plays an important role
in dental health®® and has the potential for the treatment of
osteoporosis.”” On the other hand, fluoride is easily accumu-
lated in organisms with slow excretion,*® which may cause
excess fluoride ingestion to induce pathological conditions,
including fluorosis,* urolithiasis, osteoporosis, neurological
and metabolic dysfunction, gastric and kidney problems, and
certain types of cancer.****** Since fluoride is widely used, the
fluoride contamination in the environment and drinking water
may raise major concerns. Therefore, the United States Envi-
ronmental Protection Agency (EPA) sets an enforceable drinking
water standard for fluoride of 4 mg mL ™" (211 uM) to prevent
osteofluorosis and other diseases, and a secondary non-
enforceable fluoride standard of 2 mg mL™' (105 uM) to
promote dental health.*” As a result, the optimal range of fluo-
ride concentration between deficiency (2 mg mL ') and toxicity
(4 mg mL™") is quite narrow. Therefore, the accurate determi-
nation of fluoride concentration in drinking water that can
cover this narrow concentration range is required.

To meet the above goal, several analytical methods have been
developed for fluoride detection, including '°F NMR analysis,
mass spectrometry, and atomic absorption spectrophotometry,
standard Willard and Winter methods, fluoride selective elec-
trodes, and ion chromatography.**** However, these instru-
mental analyses require expensive equipment, complicated
procedures, and skilled operators, making these methods not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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affordable for on-site or point-of-care (POC) application.*
Besides, fluoride selective electrodes are easily affected by
temperature, interfering ions, color of the sample, shift poten-
tial, and ion activity, and require skilled operators to ensure
accuracy.* In addition, other analytical methods are not
portable, which greatly limits their applications for on-site and
real-time detection.** To address this issue, optical chemo-
sensors have attracted great attention for developing POC
fluoride sensors, due to their simple procedure and high
sensitivity and selectivity, along with real-time detection.***’
Therefore, many different optical fluoride sensors with fluo-
rescent and colorimetric readouts have been developed based
on various mechanisms, such as interactions between fluoride
ions and Lewis acids,***® fluoride-hydrogen bond interac-
tions,***” reaction based chemodosimeters,*****® and interac-
tion with other types of materials.**** Despite the progress
made, portable fluoride detection is still not available to the
general public, because very few sensors can meet all these
requirements: (1) good performance in aqueous solution; (2)
high selectivity for fluoride without interference from other
anions; (3) detection range covering the deficiency and toxicity
lines in the EPA standards; and (4) short response time.

To address this issue, we take advantage of the fluoride-
binding riboswitch that has recently been discovered in bacteria
and archaea.”* The high selectivity of the fluoride riboswitch
toward fluoride over other halides or anions has been attributed
to the smaller ionic radius of fluoride (0.133 nm) than other
chemical species, including chloride (0.181 nm), as well as the
unique hydrogen bonding abilities of fluoride.®*** A crystal
structure of the riboswitch has shown that the riboswitch folds
into a 3D structure, and coordinates with three Mg>" ions,
which allows binding one F~, but not enough space to bind
other anions.”*** In the absence of fluoride, the ligand-free
fluoride riboswitch transiently accesses a low-populated (~1%)
and short-lived (~3 ms) excited conformational state, which
unravels a conserved ‘linchpin’ base pair to signal transcription
termination.” In the presence of fluoride, this highly localized,
fleeting process is allosterically suppressed, which activates
transcription.® Therefore, the fluoride riboswitch can activate
transcription in the presence of fluoride, which can regulate
gene expression encoding fluoride transporters to remove
fluoride as a native defense mechanism against fluoride
toxicity.>»*® Moreover, the fluoride riboswitch can regulate in
vitro transcription to generate full-length transcribed RNA
depending on the fluoride concentration,® where a higher
concentration of fluoride results in a larger number of full-
length RNA transcripts. To convert such a highly selective
fluoride-regulated transcription into a signal that can be readily
detected by a portable fluorometer, we employ CRISPR-Cas13
(Clustered Regularly Interspaced Short Palindromic Repeats-
associated system), which can recognize a target RNA through
a sequence complementary to CRISPR RNA (crRNA), and then
collaterally cleave a nearby reporter fluorophore/quencher pair
with an RNA spacer, resulting in the fluorophore moving away
from the quencher and thus an increase of the fluorescent
signal.’””*> Due to this unique property, the CRISPR-Cas13-
based sensors have been applied to detect diverse targets, such
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as nucleic acids, epigenetic base modification,” viruses,
bacteria,”®”® and small molecules.”” For instance, a CRISPR-
Cas13-based sensor called SPRINT was able to detect 8 small
molecules including fluoride.”” Despite the progress, the
current nucleic acid based fluoride detection system has
a narrow detection dynamic range of 1 to 100 uM, with a dras-
tically decreased signal at fluoride concentrations above 100
UM. Since the EPA standard for fluoride is 211 pM (4 mg L),
the detection range of the SPRINT system is above the threshold
level defined by the EPA and therefore cannot be used as an on-
site sensor for detecting fluoride in drinking water and differ-
entiating whether the water is safe or not.

To address the current limitations of fluoride sensors, we
report herein a Fluoride Riboswltch-regulated Transcription
with Cas13a (FRITCas13a) tandem sensor, by coupling the
fluoride riboswitch-regulated transcription with CRISPR-
Casl3a-based cleavage of reporter RNA activated by the tran-
scribed RNA. The system can quantitatively detect fluoride at
ambient temperature in aqueous solution with a wide dynamic
range (0-800 puM), a low limit of detection (LOD = 1.7 uM), and
a short sample-to-answer time (30 min) using a portable fluo-
rometer, demonstrating high potential for on-site and real-time
detection and quantification of fluoride in drinking water and
other types of samples.

Results and discussion

The FRITCasl3a tandem sensor involves fluoride-riboswitch
regulated in vitro transcription along with Cas13a-mediated
collateral cleavage of the reporter RNA (Scheme 1). Specifically,
the binding of fluoride by its riboswitch will activate in vitro
transcription and generate full-length RNA transcripts, which
carry a Cas13a targeting RNA sequence at the 3’-end from the in
vitro transcription. The transcribed Cas13a targeting RNA then
hybridizes with crRNA to activate the Cas13a-mediated collat-
eral cleavage of a reporter RNA with a fluorophore (FAM) at the
5-end and a quencher (BHQ1) at the 3’-end. Without the
Cas13a-mediated collateral cleavage, the reporter RNA has a low
fluorescent signal because the quencher is close to the fluo-
rophore and thus quenched the fluorescence. In the presence of
fluoride, the full-length RNA transcripts activate Casl3a to
cleave the reporter RNA and release the quencher from the
fluorophore and thus recover a significant fluorescence signal.
In this design, the fluoride concentration in the sample is
positively correlated with the copies of full-length RNA tran-
scripts, the reporter RNA cleavage, and the fluorescence signal
generation. Moreover, this FRITCas13a tandem sensor can both
detect and quantify fluoride in aqueous solution. In contrast, in
the absence of fluoride, the regulation effect of the fluoride
riboswitch will result in partially transcribed RNA lacking the
Casl3a targeting sequence at the 3’-end.® As a result, the
collateral cleavage of the reporter RNA by Cas13a will not occur
and a minimal fluorescence signal will be observed.

To demonstrate such a FRITCas13a tandem sensor, we take
advantage of the in vitro transcription system reported by
Zhang's group with a wide and tunable dynamic range between
0.01 and 100 mM.* The DNA templates were prepared by
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Double strand transcription template DNA

Apr Promoter C-absent spacer Fluoride riboswitch Cas13a targeting sequence

ERA TGCATC T AGATGCCAATGAAT TCIIGACTATI T TACCTCTGGCGGTGATAATGGT TG CTA

In vitro transcription

Transcription initiation RIALEN Halted transcription
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Scheme 1 Detection strategy and workflow of a fluoride riboswitch-regulated transcription with a Casl3a (FRITCas13a) tandem sensor for
detecting fluoride in aqueous solution.

ligation from shorter DNA units consisting of a Apg promoter, C- fluoride in a wide range of concentrations, fluoride-dependent
absent spacer, fluoride riboswitch and Casl3a targeting transcription with different concentrations of NTP was per-
sequence at the 3’-end (Scheme 1, Fig. S1, Table S1f). The formed. As shown in Fig. 1, S3 and S4,} the transcription
formation of the DNA templates was verified by 10% denaturing readthrough, defined by full-length RNA/(full-length RNA +
polyacrylamide gel electrophoresis (PAGE) gel analysis (see terminated RNA), is regulated by the fluoride concentration
Fig. S2t). Moreover, the obtained DNA templates were then from 0-1 mM at different NTP concentrations of 10, 20, and 30
purified and extracted from the PAGE gel and used for in vitro uM. Moreover, to develop a fluoride sensor with high sensitivity,
transcription. To verify that the transcription is regulated by the transcription reaction was optimized with various reaction
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Fig. 1 Fluoride-dependent single-round transcription assay with 30
uM NTP. (a) Autoradiogram of a 10% PAGE denaturing gel separating
the full-length (F) and terminated (T) RNA products; (b) fluoride-
dependent transcription readthrough, calculated by using F/(F + T).

temperatures of 25, 30, and 37 °C to increase the signal-to-noise
ratio. As shown in Fig. S5 and S6,t the transcription reaction at
37 °C generated a higher readthrough ratio than those at 25 and
30 °C. Thereafter, 37 °C was chosen as the optimal transcription
reaction temperature.

Having demonstrated that the fluoride riboswitch-regulated
transcription can transform its binding of the fluoride into full-
length transcribed RNA quantitively, we applied Casl13a to
detect the transcribed RNA and then generate a fluorescence
readout to act as a tandem sensor for fluoride detection. To
achieve good analytical performance of the fluoride sensor,
several parameters of the Casl3a reaction were optimized,
including reaction buffer, reaction time and quenching
method. First, we evaluated three commercialized or literature
reported buffers,””* and found that buffer 1 (ref. 57) showed the
best performance, due to its highest Cas13a cleavage activity
and signal to noise ratio (Fig. S7T). Moreover, the kinetics of the
tandem reaction were investigated by monitoring real-time
fluorescence using a plate reader, which include the transcrip-
tion of the full-length RNA and then the cleavage of the reporter
RNA by Cas13a. As shown in Fig. 2a, 15 and 30 min were chosen
as good time frames to perform detection, which not only
ensure sufficient signal intensity but also reduce the sample-to-
answer time. To control the reaction time more precisely, the
quenching method for the tandem reaction was further studied
by quenching the reaction at 65 °C or 85 °C for 10 min and then
tracking real-time fluorescence using a plate reader. As shown
in Fig. S8,7 a steady fluorescence signal after reaction ends was
obtained after quenching the reaction at 65 °C or 85 °C for 10
min. Considering that lower temperature will be beneficial for
the stability of reporter RNA, the reaction quenching at 65 °C for
10 min was chosen for the subsequent experiments.

To apply the FRITCas13a tandem sensor for fluoride detec-
tion, the above optimized tandem reaction workflow was per-
formed for 30 min with the addition of different concentrations
of fluoride and then measurement of fluorescence spectra of the
sensors by using a fluorometer. As shown in Fig. 2b, the fluo-
rescence intensity increases corresponding to the elevation of
fluoride concentrations. By plotting the relative fluorescence
ratio ((F — F,)/F,) against the fluoride concentration, where F
and F, are derived in the presence and absence of fluoride
respectively, we obtained a binding curve and the LOD was
calculated to be 1.7 uM (Fig. 2c), based on 3ay,/slope, where oy, is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Quantitative detection of fluoride by the FRITCas13a tandem
sensor. (a) Reaction kinetics of the tandem sensor monitored by a plate
reader in the presence of 0, 0.2, and 0.6 mM fluoride; (b) fluorescence
spectra of the tandem reaction sensor at different fluoride concen-
trations with a 30 min detection time; (c) the (F — Fg)/Fq of the tandem
sensor at different fluoride concentrations with a 30 min detection
time; (d) comparison of the tandem sensor with an EPA approved
method, a fluoride selective electrode using fluoride spiked samples.
Statistical significance: ns: no significant difference; *P < 0.05; **P <
0.01; ***P < 0.001.

the standard deviation of three blank samples. The LOD of this
sensor is ~16 fold lower than that of the EPA standard method
using a fluoride selective electrode (26.3 uM).”® Moreover, to
further shorten the detection time, the same test was performed
for 15 min with the addition of different concentrations of
fluoride. As shown in Fig. §9, the relative fluorescence ratios ((F
— F,)/F,) increase corresponding to the elevation of fluoride
concentrations. Based on the 3op/slope method, within
a detection time of 15 min, the LOD of sensor was calculated to
be 2.5 uM.

The selectivity of our sensor was also examined by per-
forming the test in the presence of fluoride or many potentially
interfering analytes at a concentration of 200 uM. As shown in
Fig. 3, the sensor displays a weak or negligible response to most
anions, including heavier halides (Cl7, Br, and 1), other
inorganic anions (CO5>~, HCO;, SO,*~, H,PO,~, HPO,>", and
NO; "), and organic anions (HCOO™ and CH;COO™), while the
fluorescence signal in the presence of fluoride is significantly
higher than that of the other anions (p < 0.001). Moreover,
considering that real environmental samples may contain
anion mixtures instead of individual ones, we tested the fluo-
ride sensor in the presence of various anion mixtures, such as
a mixture of four different common anions in the environment
(Cl7, NO;~, CO5*7, and SO,*>", 50 uM for each anion), and 11
different anion mixtures (CI~, Br~, I, CO;>~, HCO;~, SO,
H,PO,”, HPO,>~, NO,~, HCOO, and CH,COO~, 18 uM for
each anion). As shown in Fig. S10,} the sensor displays a weak
or negligible response to anion mixtures compared with the
signal in the presence of fluoride (p < 0001), demonstrating that

Chem. Sci., 2021, 12, N1740-11747 | N743
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Fig. 3 The selectivity of the FRITCasl3a tandem sensor against
common anions, including Cl~, Br, I, CO2~, HCOs~, SO.2~,
H,PO,~, HPO,?~, NOs~, HCOO™, and CHsCOO™. The fluorescence
spectra (a) and the (F — Fg)/Fq value (b) of the FRITCasl3a tandem
sensor in the presence of F~ and diverse anions (200 uM).

the sensor maintains high selectivity toward fluoride even in the
presence of anion mixtures.

The detection of fluoride with the fluoride sensor in real
samples may potentially be affected by common interferents,
such as cations, anions, DNAse, RNAse, or protease. Thus, tests
in the presence of those common interferents were conducted.
To investigate the interference of common cations, such as Na’,
K*, Mg**, and Ca®’, we performed the test at a fluoride
concentration of 200 pM in the absence or presence of each
cation (100 uM). The selectivity coefficient (SC) for each of the
potential interfering agents was calculated using the formula,
SC = A.+i/Ae, where A.,; and A, are the response for fluoride in
the presence and absence of each interfering agent, respec-
tively. As shown in Fig. S11,7 the signal was not affected by the
presence of Na*, K*, Mg>*, and Ca®" as their SC approximates to
1. In addition, to understand the interference by common
cation and anion mixtures in real samples, we performed the
test in samples spiked with cation mixtures (Na*, K*, Mg*", and
Ca*"), or various cation and anion mixtures (Na*, K*, Mg*", Ca*",
Cl7, NO;~, CO;>7, and SO,>"). As shown in Fig. S11,1 both
groups cause minimal interference for the fluoride detection. In
addition, the fluoride sensor utilizes in vitro transcription and
CRISPR-Cas13a mediated amplification, which could be
potentially interfered with by DNAses, RNAses, and proteases
present in the environmental sample. To address this issue, the
environmental samples were heat-pretreated at 95 °C for 10 min
to inactivate potential DNAses and proteases, following proto-
cols reported previously.”»”* Moreover, since RNAses cannot be
heat-inactivated, we added an RNAse inhibitor during the
tandem reaction. To test the effectiveness of the pretreatment,
we spiked the samples with DNAse I, RNAse A, and protease K,
heated the samples at 95 °C for 10 min, and then performed the
tandem reaction with a RNaseOUT™ Recombinant Ribonu-
clease Inhibitor, using an unspiked sample as the control. As
shown in Fig. S12,7 after the pretreatments, DNAse I, RNAse A,
and protease K showed minor interference (6%) towards the
tandem reaction signal. These results demonstrated that the
method we have adopted is effective in minimizing nucleases/
proteases from degrading the sensor components.

To examine the accuracy and reliability of our FRITCas13a
tandem sensor in real samples, our sensor was compared with

M744 | Chem. Sci, 2021, 12, N740-11747
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an EPA-approved method, a fluoride selective electrode, by
analyzing drinking water samples spiked with different
concentrations of fluoride using the standard calibration
method. As shown in Fig. 2d, the fluoride concentrations
detected by the FRITCasl3a tandem sensor show a strong
positive correlation with the added fluoride concentrations and
the concentrations detected by the fluoride selective electrode.
Moreover, the slope of fluoride concentration detected by the
tandem sensor is 1.01 + 0.08 (R* = 0.9895), which is similar to
the slope measured by the fluoride selective electrode 0.98 +
0.01 (R* = 0.9999). Moreover, the ability of the fluoride sensor to
quantify fluoride in real environmental samples was tested with
various types of samples, including bottled water from a super-
market, drinking water samples from tap water in Urbana (IL,
US), and lake water in Urbana (IL, US). As shown in Fig. S13,f no
detectable fluoride was found in the bottled water while fluoride
was detected and quantified in both the tap water and the lake
water by our fluoride sensor and the results were very similar to
those from the standard test using the fluoride selective elec-
trode (Fig. S137), indicating the accuracy of our sensor. More-
over, unknown samples may contain multiple interferents,
which may potentially lead to significant matrix effects and
affect the accurate detection. To address this issue, the standard
addition method was applied to avoid matrix effects and
determine the fluoride concentration by our sensor as in
a previous report.” As a proof of concept, a tap water sample
spiked with fluoride at a final concentration of 450 pM was
analyzed using the standard addition method. Briefly, the
samples were spiked with fluoride at different additional
concentrations for the tandem reaction, and the concentration
of real samples can be calculated based on the extrapolation
method. As shown in Fig. S14,} according to the calibration
curve obtained, the fluoride concentration of the spiked tap
water sample was calculated to be 430.5 + 11.7 pM (recovery
yield of 95.7%), which demonstrates similar accuracy to the
result obtained by the fluoride selective electrode (463.9 + 5.3
uM, recovery yield of 103.1%). Therefore, the accuracy and
reliability of our sensor are comparable to those of the EPA-
approved fluoride selective electrode.

FRITCas13a
tandem reaction

—

i - 0.6
Fluorescence signal £

measurement  u° 04
L oo2
0.0 LOD = 6.4 yM
o D= =@ 0.2
e 'vJ‘-l 00 05 10 15 20 25
(- -Q Fluoride concentration (mM)

Cas13a cleave reporter RNA

Fig.4 FRITCasl3atandem sensor based portable device. (a) Workflow
for fluoride detection with a portable fluorimeter. (b) Fluorescence
signal of the FRITCas13a tandem sensor with different concentrations
of fluoride.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To demonstrate the ability of our fluoride sensor for on-site
and real-time detection, we conduct the tandem reaction with
the addition of different concentrations of fluoride and then use
a commercially available portable fluorimeter as the fluores-
cence detection device (Fig. 4a). As shown in Fig. 4b, the fluo-
rescence signal increases with the fluoride concentration from
0 to 810 uM, demonstrating a wide dynamic range for fluoride
detection. Moreover, the LOD of this POC sensor is calculated to
be 6.4 uM, which is 4-fold lower than 26.3 uM obtained when
the EPA-certified fluoride selective electrode is used.”®

Conclusions

In summary, we have developed a fluoride riboswitch-regulated
transcription with Cas13a (FRITCas13a) tandem sensor for the
quantitative detection of fluoride in aqueous solution. The
assay uses a simple and fast workflow, with a sample-to-answer
time of 30 min, which includes fluoride-riboswitch regulated
transcription and Cas13a-mediated signal amplification and
fluorescence output. This system can detect fluoride in aqueous
solution quantitatively, with high sensitivity (LOD = 1.7 uM),
high selectivity to differentiate fluoride from other common
anions, and a wide dynamic range of 0-800 puM. This work has
expanded the application of nucleic acid sensors for anion
detection, and after integration with a portable fluorometer,
allows on-site and real-time detection and quantification of
fluoride for both environmental monitoring and POC
diagnostics.
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