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Foodborne pathogens pose a serious risk to human health, and the simple and rapid detection of such
bacteria in complex food matrices remains challenging. Herein, we present the selection and
characterization of a novel RNA-cleaving fluorogenic DNAzyme, named RFD-BC1, with exceptional
specificity for Burkholderia gladioli pv. cocovenenans (B. cocovenenans), a pathogen strongly associated
with fatal food poisoning cases. RFD-BC1 was activated by a protein secreted specifically by whole viable
B. cocovenenans and displayed an optimum pH distinct from the selection pH, with a rate constant of

approximately 0.01 min~t at pH 5.0. Leveraging this newly discovered DNAzyme, we developed a novel
Receivea 3rd November 2023 tem, termed DNAzymes-in-droplets (DID), that integrates droplet microfluidics to achieve the rapid
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and selective detection of live B. cocovenenans with single-cell sensitivity. We believe that the approach

DOI: 10.1035/d35c05874c described herein holds promise for combating specific bacterial pathogens in food samples, offering
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Introduction

Outbreaks linked to foodborne and medically important
bacterial pathogens cause millions of deaths and hospitaliza-
tions per year.! The environmental bacterium Burkholderia
gladioli pv. cocovenenans (B. cocovenenans) was first discovered
in 1933.>* B. cocovenenans is pervasive in the natural environ-
ment and can cause fatal food poisoning by producing a heat-
stable mitochondrial toxin called bongkrekic acid (BA), which
has an acute toxicity of 1.41 mg kg~ ' (LD50 by intravenous
injection in mice).*® BA can efficiently inhibit the mitochon-
drial adenine nucleotide translocator, leading to human
death.**® Outbreaks of BA food poisoning have been reported in
Indonesia, Mozambique, and certain regions of China, with
mortality rates reaching 40-60%.”*° The most recent lethal food
poisoning case was reported in Heilongjiang Province, China, in
October 2020, resulting in nine deaths, with a fatality rate of
100%." Therefore, early and accurate detection of live patho-
gens is essential to prevent potential outbreaks and minimize
the spread of epidemics.

Although traditional microbiological culture is the gold
standard for bacterial detection, it is time-consuming and can
take days to weeks.' Immunological and polymerase chain
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significant potential for broader applications in food safety and public health.

reaction (PCR) techniques offer faster and more sensitive
detection but require costly instrumentation and trained
personnel.*> Most importantly, they are unable to accurately
distinguish live pathogens from dead ones, one of the greatest
limitations in food safety and medical diagnostics. Therefore,
there is a pressing need to develop rapid, accurate, inexpensive
and sensitive methods for whole viable food-borne pathogen
detection.

Various catalytically active DNA molecules, also known as
deoxyribozymes or DNA enzymes, have been identified through
in vitro selection from random sequence DNA pools.”*"” RNA-
cleaving DNAzymes (RCDs) represent a widely studied class of
deoxyribozymes'>* and have been successfully used as fluo-
rescent biosensors for various live bacterial pathogens,
including Escherichia coli, Clostridium difficile, Helicobacter
pylori, Klebsiella pneumoniae, Legionella pneumophila, Salmo-
nella typhimurium, Staphylococcus aureus, and Fusobacterium
nucleatum.”>'* A major advantage of RCD-based assays is that
RCDs are activated by a specific protein target left behind by
metabolically active cells, making them ideal for live pathogen
detection. In light of these successes, this study aimed to
explore the feasibility of utilizing RCDs as effective molecular
recognition elements for live B. cocovenenans.

In this study, we report the in vitro selection and character-
ization of RNA-cleaving fluorogenic DNAzymes (RFDs) that
selectively recognize B. cocovenenans. Detailed features,
including fluorescence signaling, kinetics, metal-ion specific-
ities, and pH dependences, were thoroughly investigated.
Notably, we found that even though the in vitro selection was
conducted at pH 7.0, the RFDs exhibited high catalytic activity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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at pH 5.0, showing a significant ~3-fold rate enhancement. To
our knowledge, this is the first instance of bacteria-responsive
RCDs that function optimally at low pH. This feature
enhances the inherent chemical stability of RNA phospho-
diester bonds, making RCDs more suitable for practical appli-
cations. Furthermore, we found that a trans-acting RFD variant
also exhibited catalytic activity, with an apparent rate constant
of 0.01 min~". Finally, we present a biosensing platform termed
DNAzymes-in-droplets (DID), which enables the selective
detection of viable B. cocovenenans at single-cell sensitivity in
culture- and amplification-free reactions within 2 h.

Results and discussion

In vitro selection of fluorogenic DNAzymes activated by B.
cocovenenans

The detailed procedure for the in vitro selection is provided in
the ESL.T As depicted in Fig. 1a, the DNA library consisted of
a 5’ primer-binding site (5’ PBS), a 70-nucleotide (nt) random
region (Ny), a 3’ primer-binding site (3’ PBS), and an RNA-
containing DNA substrate (RDS). The RDS contained one
ribonucleotide, rA, flanked by a pair of modified deoxy-
ribothymidines, one labelled with fluorescein (F) and the other

a 5'PBS (16 nt) Random domain (70 nt) 3'PBS (12 nt) RDS (28 nt)
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Fig. 1 (a) The DNA library construct used in the in vitro selection. The
construct is organized in the 5'-3' direction as 5’ primer binding site (5
PBS), random domain, 3’ PBS, and RNA-containing DNA substrate
(RDS). F = fluorescein-dT, Q = dabcyl-dT, rA = adenosine ribonu-
cleotide. (b) Working principle of RNA-cleaving fluorogenic DNA-
zymes (RFDs). Upon binding to the target present in CEM-BC, the RFD
cleaves the RDS at a lone RNA linkage surrounded by a closely spaced
F-Q pair, thus generating a significant fluorescence signal. (c) 10%
denaturing polyacrylamide gel electrophoresis (10% dPAGE) analysis of
the cleavage reaction mixtures of the top 5 RFDs and CEM-BC.
Reaction time: 2 h. M = DNA marker, clv = cleaved, %clv = cleavage
percentage. (d) The sequence of RFD-BCL1. (e) Real-time fluorescence
signaling of RFD-BCL1 in the presence of CEM-BC.
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with DABCYL (Q). In the absence of B. cocovenenans, the
DNAzyme remained inactivated (Fig. 1b). In contrast, in the
presence of live B. cocovenenans, the DNAzyme cleaved the
single RNA moiety in the RDS, causing fluorescence enhance-
ment. This RNA-cleaving fluorogenic DNAzyme for B. cocove-
nenans was termed RFD-BC.

Before the selection process, a crude extracellular mixture
(CEM) from viable B. cocovenenans (named CEM-BC) was
prepared by removing cells grown overnight in Luria Bertani
medium (LB). Our in vitro selection strategy is schematically
summarized in Fig. S1. Initially, a pool of approximately 10"
DNA sequences was incubated in the selection buffer (1x SB;
50 mM HEPES, 150 mM NacCl, 15 mM MgCl,, and 0.01% Tween
20, pH 7.0) for 5 h at room temperature. This negative selec-
tion step served to eliminate any self-cleaving DNAzymes. The
uncleaved DNA molecules were then purified by 10% dena-
turing polyacrylamide gel electrophoresis (dPAGE) and
subsequently incubated with the positive selection target,
CEM-BC, in 1x SB for 2 h. The cleaved DNA products were
purified by dPAGE, amplified by PCR, and used for the next
selection cycle.

A total of 14 selection iterations were conducted. The round-
14 DNA pool underwent deep sequencing, and the top 5
sequences were chemically synthesized (Table S1f). We then
tested the RNA-cleaving activities of these sequences in the
presence of CEM-BC. As shown in Fig. 1c, a DNAzyme named
RFD-BC1 exhibited the highest cleavage activity (20%). The
sequence of RFD-BC1, provided in Fig. 1d, was selected for
further investigation. We also tested the real-time fluorescence
signalling capability of RFD-BC1 (Fig. le). RFD-BC1 demon-
strated a significant fluorescence signal in the presence of CEM-
BC, while no fluorescence signal enhancement was observed in
1x SB alone.
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Fig. 2 (a) pH-dependent cleavage activity of RFD-BC1. M = DNA
marker, clv = cleaved, %clv = cleavage percentage. (b) Kinetic
responses of RFD-BClat pH 5.0, 6.0 and 7.0, respectively. The solution
pH was controlled with buffering reagents (each used at 50 mM):
citrate for pH 2.0-3.0, acetate for pH 4.0-5.0, MES for pH 6.0, and
HEPES for pH 7.0-8.0. The observed rate constant (kops) is given in the
graph. Data are represented as mean =+ s.d. (n = 3). (c) Effect of divalent
metal ions on the responses of RFD-BC1 to CEM-BC. NC: negative
control, referring to the cleavage reaction performed in 50 mM acetate
(pH 5.0) containing 0.01% Tween 20.
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RFD-BC1 with metal ion specificities and pH dependences

We examined the effect of pH on the catalytic efficiency of RFD-
BC1 (Fig. S27). As shown in Fig. 2a, RFD-BC1 demonstrated
catalytic activity across a range of pH values (2.0 to 8.0) in the
presence of CEM-BC. Notably, the highest efficiency was
observed at pH 5.0, with 43% cleavage. For comparison, we
determined the observed rate constants (k,ps) for RFD-BC1 at
pH 5.0, 6.0 and 7.0 to be 0.52 x 1072, 0.43 x 102, and 0.15 x
107> min~", respectively (Fig. 2b). To our knowledge, most
bacteria-responsive DNAzymes were derived to perform catal-
ysis under neutral conditions.**3' However, several deoxy-
ribozymes and ribozymes that can catalyze chemical reactions
at acidic pH have also been reported.>*** The existence of this
RFD-BC1 further indicates that neither the molecular recogni-
tion nor catalytic properties of nucleic acids are lost in acidic
environments. At low pH, nucleic acid protonation can favor the
structural folding of DNAzyme or participate in the cleavage
reaction. We also tested the cleavage activity of RFD-BC1 at
different temperatures (Fig. S3t). Robust cleavage activity was
observed at 25 °C.

Considering the importance of metal ions in achieving high
catalytic efficiency for various DNAzymes,***” the effect of
monovalent metal ions (Na', Li", K", Cs", and NH,') on RFD-
BC1 activity was studied (Fig. S47). Interestingly, RFD-BC1 dis-
played catalytic activity in the presence of CEM-BC, even in the
absence of monovalent metal ions, resulting in 11% cleavage.
Li", Cs', and NH," induced strong cleavage (20-26%) in the
presence of CEM-BC, while Na" and K" led to reduced activity
(3-5%). The effects of divalent metal ions (Mg>", Mn**, Ca>",
Pb**, Ba>", Hg>", Zn**, Cd**, Ni*", and Cu®") on RFD-BC1 activity
were also investigated (Fig. 2c). RFD-BC1 displayed non-metal-
selective behaviour, exhibiting high catalytic activity with
Mg>*, Mn**, Ca®* and Ba®" (causing 12-45% of cleavage), and
reduced activity with Zn>*, Cd>*, Ni**, and Cu®* (causing 0.1-1%
of cleavage), while remaining inactive in the presence of Hg>".
Notably, Pb** induced weak cleavage (3%) in the absence of
CEM-BC. Taken together, these results suggest that DNAzymes
have successfully evolved to be activated by live B. cocovenenans,
aligning with the objective of the SELEX experiment. All
subsequent experiments were carried out using a reaction
buffer (1x RB) composed of 50 mM acetate (pH 5.0 at 25 °C),
15 mM MgCl,, and 0.01% Tween 20.

RFD-BC1 is likely activated by a secreted protein in live B.
cocovenenans

We next investigated the cleavage reactions of RFD-BC1 with
CEM-BC and the crude intracellular mixture produced by B.
cocovenenans (CIM-BC, see the SI for details). The results
revealed that RFD-BC1 exhibited much stronger cleavage with
CEM-BC than with CIM-BC (46% vs. 8%, Fig. S51), suggesting
that CEM-BC indeed contained a much higher amount of the
target. To determine the nature of the targets in CEM-BC (i.e.,
proteins, peptides or small-molecule metabolites), CEM-BC was
treated with sodium dodecyl sulfate (SDS) and proteinase K
(PK). As shown in Fig. 3a, no cleavage activity was observed,
suggesting that the target is likely a protein. We then
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Fig. 3 (a) Responses of RFD-BC1 to CEM-BC pre-treated with SDS,
EDTA, ribolock (RL, RNase inhibitor), proteinase K (PK) and heat
denaturation (10 min at 90 °C). M = DAN marker, clv = cleaved, %clv =
cleavage percentage. (b) Estimation of the molecular weight of the
secreted protein target. CEM-BC was passed through molecular
weight sizing columns, and the filtrates were then tested for reactivity
with RFD-BC1. (c) Responses of RFD-BC1 to the CEMs from various
bacteria, including Escherichia coli (EC), Klebsiella pneumoniae (KP),
Pediococcus acidilactici (PA), Staphylococcus aureus (SA), and Bacillus
subtilis (BS) in the absence and presence of ribolock. The reaction time
for all the cleavage reactions was 2 h.

investigated whether the protein target could be a ribonuclease
present in CEM-BC. However, adding an RNase inhibitor to
CEM-BC did not reduce the activity of RFD-BC1 (44% cleavage).
Moreover, when CEM-BC was denatured at 90 °C for 10 min, it
still effectively activated RFD-BC1 (22% cleavage), suggesting
the thermal stability of the protein target. In addition, RFD-BC1
exhibited reduced activity with CEM-BC containing 15 mM
EDTA (14% cleavage). To estimate the molecular weight of the
target protein, we conducted a molecular sizing experiment,
revealing that the protein fell within the range of 10 000 to 30
000 Daltons (Fig. 3b). This conclusion was drawn because the 10
kDa filtrate of CEM-EC did not cause cleavage of RFD-BC1.

We examined the response of RFD-BC1 to CEM samples
produced by six viable bacterial cells. As shown in Fig. 3c,
Escherichia coli BL21 (EC) and Klebsiella pneumoniae (KP) were
also capable of activating RFD-BC1, leading to nonspecific
cleavage products. However, the addition of an RNase inhibitor
(i.e., ribolock) completely inhibited the nonspecific cleavage
activity of RFD-BC1. Therefore, we hypothesized that the
observed nonspecific cleavage was most likely due to the pres-
ence of various RNases expressed by bacteria. The addition of
the RNase inhibitor will significantly suppress the activity of
RNases, thus improving the specificity.”® Previously, it was
demonstrated that removal of the internal F and Q modifica-
tions can efficiently improve the activity but reduce the speci-
ficity of the DNAzyme.?® However, we found that the presence of
the F and Q modifications had no effect on the catalytic activity
(with a keps Of 0.006 min~') and specificity of RFD-BC1
(Fig. S6t). These experiments indicate that this DNAzyme is
highly specific to the protein target secreted in B. cocovenenans.

The fluorescence response of RFD-BC1 in the presence of
different concentrations of live B. cocovenenans was also exam-
ined (Fig. S71). Remarkably, RFD-BC1 was able to detect B.
cocovenenans at concentrations as low as 10° colony-forming
units (CFU) per mL without requiring cell culture. This detec-
tion limit is comparable to those reported for other bacteria-
responsive DNAzymes, such as those for Escherichia coli (10*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CFU mL '),»?* Helicobacter pylori (10° CFU mL™'),” and
Staphylococcus aureus (10> CFU mL™").2°

Sequence optimization by nucleotide truncation

We then investigated the possibility of shortening the sequence
of RFD-BC1. We found that at least 45 nucleotides could be
deleted from the 5’ end without compromising its functionality.
The resulting shortened version, named RFD-BC1S1 (Fig. 4a),
consists of a single-stranded region (51), two short duplexes (P1
and P2), two hairpin loops (L1 and L2), and one interhelical
unpaired element (J1/2). Note that it is possible that S1 is
directly involved in some tertiary interactions that are essential
for structure folding and catalytic function. The existence of P2
was further confirmed by using an engineered trans-acting
DNAzyme system, denoted RFD-BC1T1, which efficiently
cleaved the matching external RDS (Fig. 4b). Fig. 4c shows the
cleavage of RDS by RFD-BC1S1 and RFD-BC1T1 in the presence
of CEM-BC, with the kys of 0.008 min~" and 0.01 min™*, and
the final cleavage yield of 82% and 80% at 25 °C, respectively
(Fig. S87). We also tested whether RFD-BC1T1 could perform
multiple-turnover cleavage reactions (Fig. S97). It was indicated
that approximately 12 turnovers were obtained after a 12 h
incubation wherein a 100-fold excess of substrate was present
(Fig. 4d). These data indicate that RFD-BC1T1 is a very efficient
DNAzyme.

To assess the essentiality of each nucleotide within RFD-
BC1T1, 30 mutant constructs of RFD-BC1T1 were examined
(Fig. 5 and S107). (1) For S1, the remaining nucleotides from T4
to T9 are important as mutation to each of them significantly
reduced %clv (M2 and M3). In contrast, G1, C2, and A3 can be
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Fig. 4 (a) Proposed secondary structure of RFD-BCIS1. Individual

elements are marked as P (pairing region), L (loop), and J (junction
between two pairing regions). RDS sequences are highlighted in grey.
(b) A trans-acting DNA enzyme, RFD-BCI1T1. (c) Kinetic analysis of
RFD-BC1S1 and RFD-BC1T1. Data are represented as mean + s.d. (n =
3). (d) Analysis of RFD-BC1T1 for multiple turnover. The number of
turnovers was calculated from the final %cleavage at 720 min.
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Fig. 5 RFD-BCI1T1 with permutated S1, L1, J1/2, and Pl elements.
Nucleotides shown in red are the actual altered nucleotides in each
construct in comparison to RFD-BC1T1. WT: wild-type sequence. %clv
is shown for each construct.

mutated (M1). (2) For L1, T16, A17, A18, and A19 can tolerate
mutations (M4, M5, M6, and M7). (3) For J1/2, A26, A28, and C29
are important nucleotides because mutating any of these
nucleotides caused a noticeable reduction in %clv (M8, M10,
and M11). However, G27, G30, and G31 can be mutated (M9,
M12, and M13); interestingly, mutation of G27 to A27 could
significantly enhance the %clv from 50% to 74%. (4) For P1,
mutating the C10-G25 pair into the G-C pair (M14), A-T pair
(M15), or C-C mismatch (M16) significantly reduced the %clv.
The G11-G24 mismatch is very important, and replacing it with
either the G-C pair (M17), T-A pair (M18) or A-A mismatch
(M19) caused noticeable %clv reduction. The C12-G23 pair is
also important as substituting it with a G-C pair (M20), a T-A
pair (M22), or a A-T pair (M23) always reduced %clv. The C13-
G22 pair could be changed to a G-C pair (M21) but not a T-A
pair (M24). When the A14-T21 pair was mutated into a T-A pair
(M25), no reduction in %clv was observed; however, if it was
altered to the C-G pair (M26) or A-A mismatch (M27), then %clv
dropped. For the G15-C20 pair, the substitution with a C-G pair
(M28) or a T-A pair (M29) or a C-C mismatch (M30) can also
result in the reduction of %clv.

The DNAzymes-in-droplets assay for bacteria detection

We then designed a rapid and highly sensitive sensing system.
Droplet microfluidic devices are well known for enabling the
encapsulation of single molecules within microdroplets,
making them ideal for achieving ultrasensitive biological
detection in a short period.*®*® Here, we introduce the
DNAzymes-in-Droplets (DID) assay, which integrates DNAzyme-
based sensors, droplet encapsulation and digital counting.
The fundamental operation and working principle of the
DID assay are illustrated in Fig. 6. Specifically, the cell lysates
from a particular viable bacterial cell are mixed with fluorogenic
DNAzymes in the microfluidic chip and immediately encapsu-
lated into up to ~30000 droplets. Within these droplets, the
following sequence of reactions takes place: (1) recognition

Chem. Sci., 2024, 15, 2996-3002 | 2999
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Fig.6 Working principle of DNAzymes-in-droplets (DID) assay for live
bacteria detection. Cell lysates and RNA-cleaving fluorogenic DNA-
zymes are mixed and then encapsulated into the water-in-oil micro-
droplets, where DNAzymes produce high fluorescent signals in the
droplets that contain the protein target. Droplets are then analysed
using the counting system that can accurately distinguish single-
fluorescent droplets from these non-fluorescent droplets.

occurs between the DNAzymes and the protein targets; (2)
cleavage of an RNA-containing substrate ensues upon target
binding; and (3) fluorescence dequenching occurs as a result of
cleavage. Subsequently, the droplets are imaged and analysed
using the on-chip counting system.

We first examined the DID assay using trans-acting RFD-
BC1T1. The droplet microfluidic system generated uniform,
picolitre-sized liquid droplets (typically 90 pm in diameter)
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Fig. 7 (a) Representative microscopy images showing uniform pico-

liter-sized droplets. Scale bar: 250 um. (b) Feasibility of bacterial
detection using the DID assay. (c) Fluorescence response of the DID
assay to various concentrations of BC cells. (d) NFD as a function of the
number of bacteria (CFU). The error bars represent standard deviations
of three independent experiments. (e) Specificity of the DID assay. The
concentration of each bacterium was 10° CFU.
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(Fig. 7a). Positive droplets, containing BC cell lysates and RDS/
RFD-BC1T1, displayed a high fluorescence signal (Fig. 7b),
while control droplets containing only RDS/RFD-BC1T1 did not
exhibit any obvious signal above the automated threshold
(estimated by the Crystal Miner software that maximizes the
inter-class variance and minimizes the intra-class variance). We
then determined the minimal DNAzyme reaction time required
in droplets. We observed the time course of the number of
fluorescent droplets (NFD), which reached a plateau at
approximately 60 min (Fig. S11}). The DID assay demonstrated
the capability of quantifying target BC over a broad concentra-
tion range of 1 to 10 000 CFU mL ™" within 2 h (Fig. 7c). This
time frame included the cell lysing time (<10 min), droplet
generation time (~45 min), DNAzyme reaction time (60 min),
and droplet counting and analysis time (<5 min). Therefore, our
strategy significantly reduced the assay time compared with the
reported “Integrated Comprehensive Droplet Digital Detection”
(IC 3D) method (with a total assay time of ~4 h).*® Because
a whole bacterial cell produces many thousands of potential
protein targets, a large number of fluorescent droplets can be
observed even at low concentrations. The DID assay exhibited
single-cell sensitivity (Fig. 7d) and excellent selectivity for its
cognate target (Fig. S121). None of the CEM samples from other
randomly selected live bacteria, such as EC, KP, PA, SA, and BS,
produced a detectable NFD (Fig. 7e).

To challenge the developed assay, B. cocovenenans was ana-
lysed in a matrix of the Tremella fuciformis mushroom,
a traditional Chinese food associated with B. cocovenenans food
poisoning outbreaks. Samples spiked with 50, 500, and 5000
living BC cells were tested in this experiment (Fig. S13f). The
results exhibited a good correlation between the detected
number of bacterial cells and the actual concentration of target
bacteria spiked into the sample, with calculated recovery values
ranging from 76% to 107%. These results demonstrated the
capability of our assay to accurately detect target bacteria in
food samples.

Conclusions

In this study, we present the first successful derivation of RNA-
cleaving DNAzymes that are activated by B. cocovenenans. We
identified a set of DNAzymes with specific recognition for B.
cocovenenans, among which one notable DNAzyme is RFD-BC1.
Under the reaction conditions of 50 mM citrate (pH 5.0 at 25 °
C), 15 mM MgCl,, and 0.01% Tween 20, RFD-BC1 exhibited
a kops Of 0.0052 min~'. Moreover, RFD-BC1 can be used as
a sensitive DNAzyme sensor capable of producing a detectable
signal at concentrations as low as 10° CFU mL~". In addition,
we found that truncating RFD-BC1 produced a trans-acting
DNAzyme system, termed RFD-BC1T1, which displays a kops of
0.01 min~". Finally, we developed an on-chip droplet counting
system that integrates DNAzyme-based molecular recognition
and droplet microfluidics, enabling the rapid and selective
detection of live B. cocovenenans with single-cell sensitivity. The
high-resolution structural studies of RFD-BC1 will be the
subject of a future investigation, which will enable us to
understand the detailed mechanisms of catalysis.*** We

© 2024 The Author(s). Published by the Royal Society of Chemistry
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believe that the strategies demonstrated here have the potential
to expand the practical utility of DNAzymes in combating
various food-borne and medically important pathogens. These
findings mark a significant advancement in developing sensi-
tive and efficient detection methods for bacterial pathogens,
thus contributing to efforts to prevent outbreaks and minimize
the spread of epidemics caused by such pathogens.
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