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Simple and rapid detection of bacteria using a
nuclease-responsive DNA probe+

Kyung Jin Lee,}*< Wang Sik Lee, 1> Ahreum Hwang,”“ Jeong Moon,”
Taejoon Kang,?®< Kyoungsook Park & ** and Jinyoung Jeong (2 26

We demonstrate simple and rapid bacterial detection using a nuclease-responsive DNA probe. The probe
consisting of a fluorescent dye and a quencher at the 5" and 3" termini, respectively, was designed to be
cleaved by nucleases such as endonucleases, exonucleases, and DNases, which are released from bac-
teria using an optimized lysis buffer. The fluorescence signal of the cleaved DNA probe correlates with
the number of Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus, and the detec-
tion limit was 10% CFU for E. coli and 10* CFU for S. aureus. Moreover, this method is specific for live bac-
teria and takes just one minute to get the signal including sample collection. These features make the
present bacterial detection method a powerful on-site bacterial contamination assay which is simple,

rsc.li/analyst rapid, and quantitative.

Introduction

Bacterial detection is important for improving hygiene and the
quality of life. Environmental surfaces that we frequently
touch such as cell-phones, drawer handles and tables can be
easily contaminated with microorganisms, including opportu-
nistic pathogens.™” Furthermore, contamination at food pro-
cessing plants and various places in the public sector, such as
hospitals and schools, threatens our health and causes serious
economic loss via infection with healthcare-associated
pathogens.”® Thus, rapid and sensitive detection of microbial
contamination is necessary to ensure safety and prevent bac-
terial infections.®™""

For bacterial detection, traditional culture-based methods
are commonly used, but they take several days and require
specialized equipment and species-specific protocols.'*"?
Polymerase chain reaction (PCR)-based methods are another
conventional system with high sensitivity and specificity.
However, PCR has drawbacks including a long detection time
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and the need for specialized equipment.®'*'® Recently, an

adenosine triphosphate (ATP)-based bioluminescence tech-
nique has been commercially used for rapid monitoring of
environmental bacterial contamination.'® ATP is a common
biological energy source that is present in various microorgan-
isms at approximately 0.47 fg per cell. ATP in bacterial cells
can be catalyzed by luciferase, producing oxyluciferase, adeno-
sine monophosphate (AMP), and bioluminescence."”
Therefore, the bioluminescent signal is proportional to the
ATP concentration and indicates the amount of bacteria in the
sample."®?° ATP systems have been employed to measure
surface cleanliness including the presence of organic debris
and microbial contamination.”’ However, the degree of con-
tamination is often overestimated because ATP-based assays
have difficulty in distinguishing live and dead bacteria.**?
Moreover, non-bacterial ATP and extracellular ATP of organic
debris could induce false-positive signals.

Herein, we developed a novel bacterial sensing method by
using a nuclease-responsive DNA probe. In general, bacteria
make various nucleases to defend against the damage caused
by foreign DNA, UV, and oxidative stress.>* Based on this fact,
we proposed to quantify the degree of microbial contami-
nation by measuring the activity of nucleases released from
microbial cells. In order to measure the activity of nucleases,
we adopted the fluorescence resonance energy transfer (FRET)
phenomenon of an oligonucleotide containing a fluorophore
and a quencher. We developed a well-designhed DNA probe
which can be cleaved by nucleases efficiently and optimized
the lysis buffer carefully. Therefore, the present nuclease-based
bacterial assay can detect Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) quantitatively in one minute.

This journal is © The Royal Society of Chemistry 2018
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Furthermore, this method can distinguish live and dead bac-
teria, preventing false-positive signals unlike the ATP-based
assay. For the real-world application of the developed method,
several environmental samples were collected and tested. We
successfully detected bacteria from environmental samples
and the results agreed well with the commercial ATP-based
assay. We anticipate that the newly developed simple and
rapid bacterial method will practically be used for on-site bac-
terial contamination assays soon.

Experimental

Materials

E. coli K12 (KCTC 1116) and S. aureus (KCTC 1621, ATCC
25923) were obtained from the Korean Collection for Type
Cultures (KCTC, Korea). All of the colony-purified strains were
minimally passaged and stored at —80 °C in Luria-Bertani
(LB) broth (BD Diagnostics, USA) with 15% glycerol (Sigma-
Aldrich, USA) prior to use in this study. Mung bean nuclease,
lambda exonuclease, and DNase I were obtained from New
England Biolabs Inc. (NEB, USA). A protease inhibitor cocktail
was purchased from Roche Diagnostics (Switzerland). Triton
X-100 and 3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate (CHAPS) were purchased from Thermo
Fisher Scientific (USA). Lysozyme, lysostaphin, ammonium
persulfate (APS), and N,N,N,N'-tetramethylethylenediamine
(TEMED) were purchased from Sigma-Aldrich (USA). The
chemicals used were of analytical grade and used without
further purification. All of the water used was Milli-Q ultrapure
grade (EMD Millipore, USA).

Preparation of the nuclease-responsive DNA probe

The DNA probe used in this study was designed to encode an
optimal sequence for a variety of nuclease activities by combin-
ing single-strand, mismatched strand, and double-strand DNA
into one probe. The probe was labeled with a fluorescent dye
(FAM) at the 5-end and a quencher (BHQ-1) at the 3'-end.
Dual-labeled oligonucleotide probes were obtained from
GenoTech Corp. (Korea). Oligonucleotide probes were dis-
solved in distilled water at a concentration of 100 pM. The
complementary oligonucleotides at the same molar concen-
tration were mixed in 50 pL annealing buffer (50 mM NacCl,
10 mM Tris-HCI pH 7.9, 10 mM MgCl,, 100 pg mL™" bovine
serum albumin (BSA)). The final concentration of the DNA
probe was 2 pM. After denaturation at 95 °C for 10 min, the
probe was hybridized at 45 °C for 70 min. Then, a fluorophore
and a quencher on the double-strand probe were in close
proximity, and the fluorescence intensity was minimized. The
annealed probe was stored at 4 °C or frozen.

Bacterial culture, lysis, and detection using the nuclease-
responsive DNA probe

E. coli and S. aureus were cultured in LB broth at 37 °C for
14-16 h in a shaking incubator. The respective bacterial den-
sities were measured from the optical density at 600 nm

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

(Beckman Coulter DU-730, USA) to be 10° CFU mL ™", which is
in the logarithmic growth phase of bacteria. Bacterial samples
(10®° CFU mL™") were centrifuged at 12 000 rpm for 10 min.
The LB supernatant was discarded, and the bacteria were sus-
pended in 1x phosphate buffered saline (PBS, pH 7.4) to
prepare bacterial sample solutions. The solutions were serially
diluted with 1x PBS ranging from 10* CFU mL™" to 10"
CFU mL™". Ten microliters of each solution were treated in 90
pL of bacterial lysis buffer at room temperature (RT) for 20 s.
The lysed bacteria were diluted with reaction buffer
(50 mM Tris-HCI pH 8.0, 5 mM CaCl,) 10 times to protect the
DNA probe and enhance the nuclease activity. Prior to measur-
ing the samples, 10 pL of 2 pM nuclease-responsive DNA
probe was mixed with 100 pL of the reaction sample and each
sample was loaded in triplicate into a 96-well black microwell
plate (Greiner bio-one, Germany). The fluorescence intensity of
each bacterial sample ranging from 10" to 10” CFU per assay
was measured using a multimode microplate reader (Infinite®
M200 PRO, Tecan Trading AG, Switzerland). The wavelength of
excitation was 470 nm and emission was 520 nm. All of the
data were obtained and analyzed by using i-control™ software
(Tecan Trading AG, Switzerland).

To prepare dead bacterial samples, each of the bacterial cell
pellets (10® CFU) was resuspended in 100 pL of PBS for heat
treatment or in 100 pL of 70% ethanol (EtOH). Resuspended
bacteria in PBS were treated by heating at 100 °C for 30 min in
a heating block. Bacterial cells in 70% EtOH were incubated at
RT for 2 h. Ten microliters of dead samples were treated with
90 pL of bacterial lysis buffer at RT for 20 s. And then, the
lysates were diluted ten-fold in reaction buffer. One hundred
microliters of reaction samples (10° CFU rxn~') were mixed
with 10 pL of 2 uM nuclease-responsive DNA probe. The fluo-
rescence intensity was measured using a multimode micro-
plate reader.

Activity test of the nuclease-responsive DNA probe with various
nucleases

To confirm the activity of the nuclease-responsive DNA probe
with various nucleases, the probe was treated with endonu-
clease (Mung bean nuclease), exonuclease (Lambda exo-
nuclease), and DNase (DNase I). Mung bean nuclease is a
single-strand specific endonuclease that degrades single-
stranded extensions from the ends of DNA. Lambda exo-
nuclease degrades double-stranded DNA. DNase I is an endo-
nuclease that nonspecifically cleaves single- and double-
stranded DNA. To measure the probe sensitivity for the endo-
nuclease and exonuclease, 50 pL of 2 pM probe was incubated
with 10 units of endonuclease or exonuclease in 450 pL
working buffer. To provide optimal conditions, each enzyme
was supplied with its working buffer. The working buffer for
Mung bean nuclease consists of 30 mM NaCl, 50 mM NaOAc,
and 1 mM ZnSO, (pH 5). Lambda exonuclease reaction buffer
contains 67 mM glycine-KOH, 2.5 mM MgCl,, and 50 pg mL ™"
BSA (pH 9.4), and DNase I reaction buffer contains 10 mM
Tris-HCl, 2.5 mM MgCl,, and 0.5 mM CacCl, (pH 7.6). After
5 min of incubation at RT, an increased fluorescence intensity
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was observed. For DNase I, the same amount of probe was
mixed with 2 units of DNase I and measured directly at RT
without incubation. The fluorescence signal was also
measured using a multimode microplate reader.

Standard plate counting method

To measure the number of surviving bacterial cells, a standard
plate counting method was used. After treatment with heating
or 70% EtOH, the sample was serially diluted 10-fold with 1x
PBS until the bacteria were dilute enough to count accurately
when spread on a plate. For colony counts, 0.1 mL aliquots of
the diluted sample were plated onto LB agar and incubated at
37 °C. After incubation for 24 h, the colonies on the plate were
counted and the result was expressed in CFU rxn™".

Confirmation of nuclease-responsive DNA probe cleavage
using polyacrylamide gel

To visualize the cleavage of the DNA probe by nucleases and
bacteria, a gel-based degradation assay was performed. To
prepare a 15% polyacrylamide gel, 20 mL of 15% gel solution
was mixed with 10 mL of 30% acrylamide (29:1), 2 mL of 10x
Tris-borate buffer (TBE, 0.89 M Tris base, 0.89 M boric acid,
20 mM EDTA pH 8.0), 800 uL of 10% APS and 20 pL of
TEMED. The gel solution was poured into an assembled plate.
After polymerization, the gel was removed from the gel caster
and inserted into a gel box with 1x TBE running buffer. For
each degradation assay sample, 15 pL of 2 pM probe was
mixed with 15 uL of the bacterial lysate (10° CFU rxn™") at RT
for 15 min. In the case of the nuclease activity assay, 15 puL of
2 pM probe was mixed with 10 units of Mung bean endonu-
clease or Lambda exonuclease in 15 pL of each working buffer
at RT for 20 min. For DNase I, the same probe was incubated
with 0.4 units of DNase I in 15 pL of DNase I working buffer at
RT for 5 min. Assay samples were added to 5 pL of 6x DNA gel-
loading dye (60 mM Tris HCl with pH 8.0, 6 mM EDTA with
PH 8.0, 60% glycerol, 0.25% bromophenol blue), incubated for
6 min at 95 °C, transferred to ice for 5 min, briefly centrifuged
and kept on ice until loading. Then, 35 pL of the total samples
were loaded in each well. A DNA ladder (Bioneer, Korea) with
molecular weight markers ranging from 10 to 100 bp in 10 bp
increments was used. The gel was run at 100 V for approxi-
mately 1 h. A fluorescence image of the gel was visualized
on a chemiluminescence imaging system (WSE-6200H
LuminoGraph II, ATTO Corp., Japan) by detecting the emitted
fluorescence signal at 515 nm. After staining the gel for
approximately 5 min with GelRed nucleic acid staining solu-
tion (Komabiotech, Korea), an image of the DNA fragments
was obtained from a gel documentation system (AE-9000
E-graph, ATTO Corp., Japan) by exposure to UV light.

Bacterial detection using the nuclease-responsive DNA probe
from environmental samples

To determine the potential of this system for use in environ-
mental cleaning and monitoring, an environmental surface
that was easily contaminated by bacteria was directly swabbed,
and the number of bacteria on the surface was measured via
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fluorescence intensity. A sitting mat, desk, and bathroom door-
knob that were frequently touched by many people were
swabbed using FLOQ swabs (Copan Diagnostics Inc., USA).
The swab was put into a mixture of 45 pL lysis buffer and
450 pL of reaction buffer. After the swab was removed, 100 pL
of the sample solution was mixed with 10 pL of 2 uM DNA
probe. The fluorescence signal was measured with a multi-
mode microplate reader. The fluorescence signal increased
proportionally to the contamination level of the samples.

Bacterial detection using the ATP-based bioluminescence
method

To compare the DNA probe method with a commercial
method for bacterial contamination, the ATP-based bio-
luminescence method was performed on the same surfaces,
including the sitting mat, desk, and bathroom doorknob. The
bacterial measurements using the ATP-based system were per-
formed by following the commercial manual (Luminester
PD-30, Kikkoman Biochemifa Company, Japan). The bacterial
sample was dropped on a swab of LucipacPen. The swab stick
was returned to the holder, and the handle was pushed down
to pass it through the extraction buffer. Then, to thoroughly
dissolve the powdered reagent, the swab stick was shaken well.
By inserting the LucipacPen into the Lumitester PD-30, the
cleanliness was measured. Thus, the luminescence intensity of
samples with different bacterial concentrations was obtained.
Dead bacterial samples were also assessed for luminescence in
the same way.

Results and discussion

Fig. 1 illustrates the detection scheme for microorganisms
such as E. coli and S. aureus using a synthetic double-strand

5' (FAM)-ATC ACC CTC CCC GCA CCT AAA GGG TGC GGG GAG GGT-(BHQ-1) 3’
3'(BHQ-1)-GG GAG GGG CGT GGT TAT CCC ACG CCC CTC CCA-(FAM) 5
I

90T

DNA probe

R

Release of

bacterial nucleases
q endonuclease

\\.,
IVI\
\\ 1,
: DNase ""‘

Fig. 1 Schematic illustration of bacterial detection using the nuclease-
responsive DNA probe. Blue marks in the DNA probe sequence indicate
the target points of exodonuclease and endonuclease.

Iy5|s buffer
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(e.g. E. coli and S. aureus)

exonuclease
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DNA probe with a fluorophore (FAM dye) label at the 5’ end
and a quencher (BHQ-1) label at the 3' end. The fluorophore
and quencher are in close proximity, and the fluorescence
intensity is minimized due to FRET. The DNA probe was
designed to target microbial nucleases, including single-strand
and double-strand exonucleases and double-strand endonu-
cleases. In the presence of these nucleases, which are released
from the bacteria after lysis, the DNA probe is cleaved, and the
fluorophore is separated from the quencher. The fluorescence
signal of the probe increases with increasing bacterial concen-
trations, allowing quantification of the bacteria.

For this method, we prepared an optimized lysis buffer con-
taining CHAPS (3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate) and Triton X-100 (t-octylphenoxypolyethox-
yethanol). Both CHAPS and Triton X-100 are mild detergents,
minimizing damage to bacterial proteins. In particular,
CHAPS is a zwitterionic detergent that is incorporated into the
membrane surface and does not penetrate deeply into the
bilayer. Furthermore, Triton X-100 is a non-ionic detergent
with a strong membrane-perturbing effect, attributed to its
bulky polar moiety, which causes bacterial lysis in a short
amount of time.*>*® Moreover, to lyse both Gram-negative and
Gram-positive bacteria at once, lysozyme and lysostaphin were
included in the lysis buffer. Lysostaphin is widely known as an
antimicrobial enzyme that cleaves the crosslinking penta-
glycine bridges in the cell wall of staphylococci.>” Thus, the
combination of two detergents and lysogenic enzymes in the
lysis buffer increases the bacterial lysis efficiency. To confirm
that the cells were thoroughly lysed, standard plate counting
methods were used. The lysate was spread on a LB agar plate
and incubated at 37 °C for 16 h. The number of colonies was
dramatically reduced after lysis for 20 s; thus, the bacteria were
thoroughly lysed in the lysis buffer (Fig. S11). The SEM images
in Fig. S2t1 also support the notion that bacterial lysis was
efficient in the lysis buffer. Both E. coli and S. aureus were
clearly observed with their characteristic shapes before lysis.
However, only bacterial cell debris was visible after lysis, indi-
cating that the bacteria were damaged and dead.

Prior to the detection of bacteria, we measured the fluo-
rescence of the DNA probe with various nucleases including
endonuclease, exonuclease, and DNase I with each working
solution using a multimode microplate reader in wavelength
scanning mode. Fig. 2a shows that the fluorescence of the
DNA probe increased after treatment of these nucleases. In
particular, the fluorescence of the probe cleaved with DNase I
exhibits a very high signal, although the concentration of the
enzyme used was one fifth lower than the other enzymes
because the fluorescence signal at the same concentration was
saturated. It is assumed that this probe is comprised of mainly
double-strand DNA which DNase I can cleave and a short
length of mismatch and a blunt or stick end group on which
endonuclease and exonuclease may work. The fragmentation
of the DNA probe by nuclease was confirmed by gel-based
degradation analysis. The images of the DNA gel were obtained
using gel documentation under UV exposure for obtaining the
image of the DNA ladder and using a chemiluminescence
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Fig. 2 (a) Fluorescence spectra of the nuclease-responsive DNA probe
with exonuclease, endonuclease, and DNase . (b) Fluorescence spectra
of the DNA probe with bacteria (E. coli with 10° CFU rxn™%, S. aureus
with 10° CFU rxn™%, and the mixture of E. coli and S. aureus with 5 x 10°
CFU rxn! for each). (c) DNA gel images of the DNA probes cleaved by
various nucleases, and (d) DNA gel images of the DNA probes cleaved by
bacteria under UV and 485 nm excitation.

imaging system under 485 nm excitation for the fluorescence
image of the fragmented probe by nucleases. As seen in
Fig. 2c, the band of the probe with DNase I in lane 3 was
clearly seen near 10 bp. The band of the probe with Mung
bean endonuclease was also seen in lane 2 very weakly. As was
revealed by the fluorescence spectra of the probe with the
same nucleases, the gel data of the DNA probe cleaved by
nucleases consistently support the fact that the probe is
mainly cleaved by DNase I and partially by endonuclease and
exonuclease.

We also tested the enzyme activity of these nucleases using
the DNA probe either in the working buffer or the reaction
buffer prepared in this work to confirm the activities of
nucleases under these conditions. We observed that the
activity of DNase I was similar both in working buffer and reac-
tion buffer. Otherwise, the signals of Mung bean endonuclease
and lambda exonuclease in each reaction buffer were half or
less than those in working buffer (data not shown). It indicates
that the probe can work with various nucleases in the presence
of their working solution, but may not work with some
nucleases in the presence of reaction buffer.

As a proof-of-concept, the fluorescence of the DNA probe
was measured in the presence of bacteria (i.e., 10° CFU rxn™"
of E. coli and S. aureus) using a multimode microplate reader
in wavelength scanning mode. In Fig. 2b, the fluorescence of
the probe with E. coli and S. aureus showed a significant signal
at 520 nm, indicating that the probe was cleaved by nucleases
from the bacteria. Although the fluorescence signal observed
was different for E. coli and S. aureus at the same concen-
tration, assuming that the nucleases from S. aureus might have
different activities from those from E. coli, the probe appears
to work for both Gram-negative and Gram-positive bacteria.
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Moreover, a mixture containing half the concentration of bac-
teria exhibited the predicted intensity, indicating that the
detectable fluorescence correlates with the bacterial concen-
tration. The cleavage of the probe by bacteria was also con-
firmed by using gel experiment. In Fig. 2d, the DNA gel image
shows the DNA fragments cleaved by E. coli and S. aureus in
lanes 2 and 3, respectively. The DNA cleaved by E. coli was
approximately 20 base pairs, whereas the DNA cleaved by
S. aureus was closer to 10 base pairs. Furthermore, the DNA
bands cleaved by the mixture of bacteria were in the same
location for each species in lane 4. These results indicate that
E. coli and S. aureus express different nucleases as it is known
that different bacterial strains express different types of restric-
tion endonucleases to defend against viruses.”® The DNA gel
image under 485 nm excitation also clearly showed that the
fluorophores from the cleaved DNA migrated to the same posi-
tion under UV illumination. Moreover, in the lane containing
the E. coli and S. aureus mixture, two bands located at 10 bps
and 20 bps were shown, indicating that the probe was cleaved
by each of the bacteria. Meanwhile, the lanes without the
probe or with the probe only (36-mer) as controls did not show
fluorescence under UV or 485 nm excitation, indicating that
the fluorophore (FAM) was completely quenched by BHQ-1.

To determine the limit of bacterial detection, the concen-
tration-dependent fluorescence signal was measured from 0 to
10”7 CFU rxn” " for each bacterium. Fig. 3a shows that the fluo-
rescence signal gradually increases from 10> to 10* CFU rxn™",
and the response to E. coli dramatically increases at 10” CFU
rxn~". For S. aureus, although the fluorescence signal was rela-
tively lower compared to that of E. coli, the cell number-depen-
dent fluorescence signal gradually increased up to 10” CFU
rxn~! (Fig. 3b). Based on these data, the detection limit of this
method is 10° CFU for E. coli and 10* CFU for S. aureus. To
compare this detection limit with other methods, we per-
formed the cell number-dependent measurement using ATP-
based bioluminescence (Fig. S3f). Although the bio-
luminescence signal was seen in a low cell number (10°-10*
CFU), it was clearly detectable at 10> CFU for both E. coli and
S. aureus and the signal dramatically increased 4-fold at 107
CFU bacteria. In fact, FRET-based sensing methods are widely
used for the detection of bacteria and bacterial enzymes.>*?
However, some challenges such as development of an efficient

10000 1000
a - b
s00{ 20| E.cOli 80 S. aureus
2 ® z
2 6000 2 &0
£ 0 2
£ £
4 50
d 4000 i 400
o o 10° 10" 10° 10° 10° 10
20004 concentration (CFU) 200
0 Jp—

0 10 10 10° 100 10 10° 16F 107
concentration (CFU)

0 10° 10' 10° 10° 10° 10° 10° 10
concentration (CFU)

Fig. 3 Bacterial concentration dependent fluorescence signal of nucle-
ase-responsive DNA probe cleavage in the presence of (a) E. coli and (b)

S. aureus. The concentration range is from 0-107 CFU rxn™%.

336 | Analyst, 2018, 143, 332-338

View Article Online

Analyst

DNA probe and reduction of the reaction time still remain for
simple and rapid bacterial detection. This result indicates that
the nuclease-based method is a quantitative measurement for
practical bacterial detection with sensitive detection limit com-
pared to the ATP-based method.

To evaluate the specificity for the detection of live bacteria,
dry heating and a chemical disinfectant were applied in this
study as simple and economical sterilization methods. Ethanol
as a well-known chemical disinfectant is widely used in hospi-
tals and food processing. To prepare dead bacterial samples,
10° CFU of E. coli and S. aureus were inactivated by heating at
100 °C for 30 min or treating with 70% EtOH for 2 h. The dead
bacteria were added in lysis buffer and mixed with the DNA
probe. After reaction with the DNA probe, the fluorescence
intensity was measured. As shown in Fig. 4a, the fluorescence
signal from live E. coli was significantly higher than the signal
observed after heating or 70% EtOH treatment. For S. aureus,
the fluorescence was relatively high in live cells while the
signal from the cells treated with 70% EtOH was almost 10
times lower (Fig. 4b). Interestingly, the fluorescence intensity
in heat-treated S. aureus was slightly higher than that of the
70% ETOH-treated one, assuming that heat resistant nucleases
remaining intact in dead bacteria might react with the DNA
probe.** In the same manner, we also investigated a live bac-
teria-selective detection using the ATP-based bioluminescence
method and there was no difference between live and dead
bacteria for both E. coli and S. aureus. Moreover, the signal of
heat-treated bacteria was more than 10 times higher than live
bacteria (Fig. S4t). It is assumed that since ATP is relatively
stable compared to other enzymes such as nucleases under
the sterilization methods, dead bacteria are still detectable by
the ATP-based method as we confirmed that bacteria after
heating or treatment with 70% EtOH were dead using the stan-
dard plate counting method (Fig. S51). Based on this result,
the nuclease-based method is advantageous for live bacteria-
selective detection.

Finally, we investigated the detection of bacteria from
environmental samples such as doorknobs, tables, desks, and
hands and compared these results with the commercial ATP-
based bioluminescence method. As seen in Fig. 5, the signal
pattern of bacterial detection between the two methods was
similar in each location, indicating that this system is compar-
able to a conventional ATP-based method. Moreover, the

700
a b
600 E.coli 2% S. aureus
500
2 Z 200
2 400 s
£ E 150
o 300 ol
™
w
200 100
100 50
0 T L 04
no cell live  70% EtOH heating no cel ive 70%EtOH  heating

Fig. 4 Selective detection of live and dead bacteria using the nuclease-
responsive DNA probe in the presence of (a) E. coli and (b) S. aureus. The
number of bacteria was 1 x 10° CFU rxn™ for each.
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Fig. 5 Comparison of bacterial detection in various environments
between nuclease-based and ATP-based methods.

measurement time using this method was about one minute
from sample collecting to obtaining the signal due to the
rapid nuclease activity with the help of an optimized lysis
buffer. This feature will make this method a practical assay for
on-site environmental bacterial detection. There are various
bacterial detection methods including PCR, immunology-
based, and ATP-based methods and we compared these
methods with the nuclease-based method studied in this work
(Table S1). Combining the detection limit, time for assay, and
selectivity, the nuclease-based method can be an alternative
bacterial detection method.

Conclusions

In this work, a nuclease-based bacterial contamination detec-
tion method was developed using a synthetic double-strand
DNA probe labelled with a fluorescent dye and a quencher at
the 5" and 3' termini respectively and an optimized lysis buffer.
In this method, both Gram-negative and Gram-positive bac-
teria were detected with the detection limit at 10°-10* CFU.
Moreover, it is selective for live bacteria, which is an advantage
over the ATP-based method. This method is simple to operate,
does not require the use of complex equipment or reagents,
and can determine the degree of microbial contamination.
Therefore, this method could be practical for environmental
bacterial analysis and monitoring public health.
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